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A novel cylindrical oblique fin minichannel heat sink, in the form of an 
enveloping jacket, was proposed to be fitted over cylindrical heat sources. The 
periodic oblique fins cause the hydrodynamic boundary layer development to 
be reinitialized at the leading edge of each fin. This decreases the thermal 
boundary layer thickness, enhances the heat transfer performance and incurs 
negligible pressure drop penalty. Its cooling effectiveness was compared with 
conventional straight fin minichannel heat sink through experimental and 
numerical approaches for the Reynolds number ranging from 50 to 500, with 
excellent agreement. The results show that the average Nusselt number for the 
cylindrical oblique fin minichannel heat sink increases up to 75.6% and the 
total thermal resistance decreases up to 59.1% compared with the conventional 
straight fin minichannel heat sink. Initial findings show that a flow 
recirculation zone forms at larger Reynolds number in the secondary channel. 
However, this recirculation is insignificant in the present low Reynolds 
number study. Furthermore, it was found that the entrance length of oblique 
fin minichannel is shorter than that in straight fin minichannel. Overall heat 
transfer characteristics (ENu, Ef) show that the cylindrical oblique fin 
minichannel enhances heat transfer significantly and reduces pumping power. 
To optimize and analyze the heat transfer performance of the cylindrical 
oblique fin heat sink, a similarity analysis and parametric study on the 
geometric dimensions of the heat sink were performed. Three dimensional 
conjugated heat transfer simulation using Computational Fluid Dynamics 
   
____________________________________________________________________ 
X 
(CFD) approach was conducted to analyse the laminar convective heat transfer 
and apparent friction characteristics for 43 different cylindrical heat sinks with 
varied geometric dimensions. The studies were performed by varying the 
oblique angle from 20° to 45°, the secondary channel gap from 1mm to 5mm 
and the Reynolds number from 200 to 900. In this work, the flow distributions 
of varying oblique angles, secondary channel gaps and Reynolds number were 
also investigated and reported. Based on the 259 numerical data points, 
multiple correlations for the average Nusselt number and the apparent friction 
constant were formulated, verified and presented. These correlations 
successfully pave the way for optimization of the oblique fin heat sink without 
the need for numerical simulation analysis or fabrication of the heat sink. 
The influences of edge effect on flow and temperature uniformities were also 
investigated for oblique-finned structures on both planar and cylindrical heat 
source surfaces through numerical and experimental studies. The flow field 
analysis shows that poor flow mixing exists in the draining and filling regions, 
while the flow regime between the middle regions is not influenced by the 
edge effects in the blockaded cylindrical oblique fin heat sink. For regular 
cylindrical oblique fin heat sink, the flow fields in both the main and 
secondary channels are distributed uniformly in the spanwise direction. A 
uniform and lower surface temperature distribution for regular cylindrical 
oblique fin heat sink is observed as a result of the improved flow mixing due 
to the absence of the edge effects. This further proves that the cylindrical 
oblique fin heat sink is an effective cooling solution for cylindrical heat 
sources.  
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CHAPTER 1 INTRODUCTION 
1.1. Background 
Cylindrical heat sources such as batteries, motors, drills, high power lasers and 
nuclear fuel rods, are widely used in high energy applications and play an 
essential role in our modern society. Commonly during use, these heat sources 
could be overloaded for a brief period of time, and the heat generation in these 
cylindrical heat sources can be very intensive [1]. For example, batteries could 
face excessive high discharge rate during use and suffer thermal runaways; 
electric motors could be overloaded and heated up during start up thereby 
losing their torque, and the drill will heat up faster as it drills through denser 
materials. If effective cooling is not provided at these instances, these heat 
sources could be overheated and resulted in catastrophic failures.  
Conventional cooling methods such as air cooling are unable to keep up with 
the increasing demand of high heat removal with increasing miniaturization of 
the heat sink. Even though two-phase cooling can dissipate large heat fluxes in 
the order of tens of MW/m
2
, its flow system is more complicated compared to 
a single-phase flow system. Furthermore, the complex nature and fundamental 
mechanism of two-phase flow in microchannel is not well-established. One 
novel cooling concept is the micro/mini channel heat sink introduced by 
Tuckerman and Pease in 1981 [2]. Figure 1-1 shows a typical microchannel 
heat sink, consisted of a series of parallel small channels and fins. The heat 
generated by the electronic device is firstly transferred to the channels by 
conduction through the substrate and subsequently to the cooling liquid by 
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convection. Microchannels have a much higher heat transfer surface area to 
fluid volume ratio. As the hydraulic diameter decreases in a microchannel, the 
heat transfer coefficient increases, providing an excellent cooling mechanism. 
They offer several advantages such as high convective heat transfer coefficient, 
ease of implementation, compactness, light weight, higher surface area to 
volume ratio and small coolant inventory requirement. As a result, liquid 
cooling by single-phase flow through micro/mini channel heat sinks has 
become popular solutions to many thermal issues. 
 
Figure 1-1 Schematic of microchannel heat sink  
Over the years, heat transfer in microchannels has been intensively studied as 
reviewed in Garimella and Sobhan [3] and Sobhan and Garimella [4]. A 
conventional microchannel heat sink generally employs straight channels in 
which the laminar streamlines of the coolant are almost straight. In long 
channels, the flow becomes fully developed after travelling past the first few 
diameter lengths, and then remains developed throughout the remainder of the 
channel. As a result, the fluid mixing becomes poor and the heat transfer is 
inefficient. These small channels experience a very high pressure drop penalty 
as well. Furthermore, significant temperatures variations across the chip can 
persist since the heat transfer performance deteriorates in the flow direction 
due to the thickened boundary layers. Moreover, the heat flux in a chip is non-
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uniform, and could accumulate in hot spots which cannot be easily removed 
using conventional microchannel heat sinks. These will in turn compromise 
the reliability of the ICs and can lead to early failures. 
Since the rate of heat transfer is greater in developing flow than in a fully 
developed one, thinning the boundary layer by other methods will increase the 
heat transfer performance [5]. These methods include disrupting boundary 
layer, inducing the secondary flow, promoting flow mixing and etc. Besides 
these, heat transfer area enhancement, manifold design and channel shape 
studies are also highlighted as heat transfer augmentation techniques. All these 
methods show that significant heat transfer enhancement, as well as pressure 
drop penalty, has been observed in the micro/mini channel structure and 
single-phase liquid cooling is still the predominant solution to heat transfer.  
In view of the above review, it is noted that most studies on enhanced heat 
transfer focused mainly on flat heat source surfaces and the existing literature 
for cooling heat sources with cylindrical surface is rather scarce. Thus it is 
worthwhile to propose an effective cooling solution for cylindrical heat source 
surfaces such as motors, generators, high capacity battery, high power LEDs. 
Recently, the oblique fin microchannel design was proposed by Lee et al. [6]. 
This design is created by cutting secondary channels at an oblique angle with 
the straight fins on the planar surface. This structure was shown to enhance 
heat transfer performance significantly with negligible pressure drop penalty. 
However, more systematic and careful studies are still needed to understand 
the fundamental flow mechanisms in the oblique fin micro/minichannel 
structure. Before oblique fin heat sinks can be widely implemented, theoretical 
analysis and parametric study are needed so that the predictions of the heat 
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transfer and flow characteristics in oblique fin heat sinks could be made with 
greater confidence. 
1.2. Objectives  
The main aim of this study is to develop a novel and highly effective heat 
transfer augmentation technique for single-phase minichannel heat sink on 
cylindrical heat source applications. This solution should enhance both local 
and overall heat transfer performance, eliminate the temperature mal-
distribution across the heat source surface while preventing significant 
pressure drop penalty. The specific objectives of this research are: 
 Propose a novel cylindrical oblique fin minichannel heat sink design 
for cylindrical heat source applications using passive heat transfer 
enhancement techniques. 
 Investigate the forced convection heat transfer, fluid flow characteristic 
in the cylindrical oblique fin structure through 3D conjugate numerical 
simulation and systematic experimental studies to characterize the 
secondary flow effect in heat transfer and pressure drop in the 
micro/mini channels. 
 Perform a similarity analysis to obtain a dimensionless grouping 
parameter to evaluate the total heat transfer rate of the heat sink.  
 Investigate the flow mechanism and optimize the dimensions of 
cylindrical oblique fin heat sink for good overall heat transfer 
performance using similarity analysis and parametric numerical 
investigations.  
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 Obtain generalized correlations to predict the heat transfer performance 
and pressure drop characteristics of the cylindrical oblique fin 
minichannel heat sink when the parameter values are beyond those 
used in the parametric computations. 
 Examine and investigate the influences of edge effect on flow and 
temperature uniformity in cylindrical oblique fin minichannel heat 
sinks through systematic numerical and experimental studies. 
1.3. Significance and Scope of the Study  
The results of this present study would have significant impact on both 
providing an innovative cooling solution for cylindrical heat source 
application and understanding the flow physics behind oblique fin structure. 
The novel cylindrical oblique fin minichannel heat sink could enhance the heat 
transfer performance significantly and make the heat source temperature more 
homogeneous and not compromise with high pumping power. The proposed 
technique could lead to a smaller and lighter cooling system, increases the 
longevity of the cylindrical heat source and saves substantially more energy. 
The findings from this work could aid in the design, optimization and 
implementation of cylindrical minichannel heat sinks. 
The present research is only on laminar flow regime of single-phase liquid 
cooling. Air cooling and two-phase cooling are beyond the scope of this study. 
The heat transfer and fluid flow characteristics in these flow regimes are 
simulated by using the Navier–Stokes equation.  
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1.4. Organization for Dissertation  
This thesis contains seven chapters in total. They are organized in the 
following manner.  
Chapter 1 introduces the background and motivation of the research. The 
objectives and scope are also outlined along with the organization of the thesis.  
Chapter 2 reviews the literature relevant to the present study. These include 
thermal applications for cylindrical minichannel heat sink, single-phase heat 
transport in micro/mini channels, passive and active techniques for heat 
transfer enhancement, and optimization techniques for heat sinks.  
Chapter 3 presents the numerical simulation investigations on both 
conventional and cylindrical oblique fin micro/mini channels. It gives the 
details of the CFD simulation approach for the micro/mini channel. The 
velocity and temperature profile, secondary flow distribution, entrance region 
effect, heat transfer and pressure drop characteristics are also analyzed.  
Chapter 4 describes the experimental investigation of single-phase heat 
transfer in conventional straight fin minichannel and novel cylindrical 
minichannel with oblique fins. The objective is to validate the applicability of 
conventional theory and simulation results in predicting heat transfer 
performance in Chapter 3. The experimental setup, test section design, 
experimental procedure, and data analysis are presented in detail. The heat 
transfer, pressure drop and overall heat transfer characteristics for 
conventional straight fin and cylindrical oblique-finned minichannel heat sinks 
are analyzed and discussed.  
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In Chapter 5, a similarity analysis of oblique fin is firstly performed to obtain 
a dimensionless grouping parameter which is used to evaluate the total heat 
transfer rate of the heat sink. Three dimensional conjugated heat transfer 
simulations are carried out using CFD approach to determine the performance 
of the heat sink. Various flow distributions, the effects of oblique angle and 
secondary channel gap are investigated, as the secondary channel gap, oblique 
angle and Reynolds number are varied. Finally, multiple correlations for the 
average Nusselt number and the apparent friction constant are obtained and 
discussed.  
Chapter 6 examines the influences of edge effect on flow and temperature 
uniformity for oblique-finned structure on both planar and cylindrical heat 
source surface through numerical and experimental studies.  
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CHAPTER 2 LITERATURE REVIEW 
In this chapter, cylindrical heat sources such as lithium ion batteries, electric 
motors and their methods of cooling are reviewed. In addition, various studies 
in developing effective cooling techniques are presented and evaluated in 
terms of their performance and reliability. These include single-phase heat 
transport in micro/mini channels, passive and active techniques for heat 
transfer enhancement, and optimization techniques for heat sinks.  
2.1. Thermal Application for Cylindrical Heat Sink 
To date, various thermal applications of micro/mini channel heat sink focus on 
flat heat source surfaces with fluid flowing through channels from the entrance 
to the exit. The present literature on the heat transfer associated with 
cylindrical heat sources is rather scarce. The reviews of the research here 
focus on the thermal application of cylindrical heat sources such as lithium-ion 
battery (LIB), electric motors in this section.  
2.1.1. Lithium-ion Batteries  
Recently, the increasing demand for alternative and sustainable energy source 
to replace gasoline powered engines has ramped up the development and 
research of battery technologies for hybrid and electric vehicles [7]. In order to 
solve the CO2 and air pollution problems, an alternative source of energy with 
a smaller carbon footprint is urgently required [8]. In the current hybrid 
electric vehicle (HEV) market [9], LIB remains the supreme choice of battery 
due to its high power density, rapid charge capability, high power performance 
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and it does not exhibit memory effect. A common form of LIB is the 18650 
cell, which has a diameter of 18 mm, height of 65 mm and it contains a charge 
capacity of 2,500 mAH. At 2.5 AH × 3.7 V, it has a 9.25 Wh capacity and 
weighs 45 ± 1 g [10]. The battery pack of the Tesla Roadster electric vehicle 
(EV), one of the largest and technically most advanced LIB packs in the world, 
is comprised of about 6800 of these 18650 cells, and the entire pack has a 
mass of about 450 kg [11]. Despite all the advantages of LIB, its demerit lies 
in the need of a comprehensive thermal management system because 
tremendous heat is produced by the battery during the charging or discharging 
process, especially during high rate discharges. Wu et al. [12] studied the heat 
dissipation during charging and discharging in terms of temperature 
distribution along the cell. When the discharge current exceeds 10 A, the 
temperature increases rapidly and can reach 65 ºC at the end of discharge. The 
difference between the maximum and minimum temperatures at the end of 
dissipate heat generated in the centre of the discharge is around 20 ºC and this 
may lead to non-uniform and higher temperatures. The higher temperature 
could also degrade the performance of the battery in terms of its performance 
and characteristics discordance, service life reduction and other factors [13]. 
The single-cell voltage of LIBs is not useful for direct application in EVs and 
HEVs. In order for the low voltage batteries to provide a workable voltage to 
HEV or EV, these batteries must be connected in series. For batteries arranged 
in a tightly packed configuration, the heating issue is more severe due to the 
combined effect of heating from the nearby batteries. If the battery is exposed 
to an elevated temperature, its lifespan and capacity decrease. Moreover if the 
heat from its discharge is not removed effectively, it could reach a hazardous 
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temperature and suffer thermal runaway whereby its temperature increases 
precipitously so much so that the cell combusts or ruptures. 
This safety consideration must be handled as there has been a high number of 
car defects and safety issues of LIBs in recent years. Various instances of LIBs 
catching fire or exploding in smart phones and laptop computers were also 
reported. Many well-known car manufacturers have been spending a lot of 
money to recall vehicles with potential safety issues to prevent loss of lives 
and properties. In 2013, the batteries in a Boeing’s 787 Dreamliner caught fire 
in Boston and a second 787 was forced to make an emergency landing [14]. 
These incidents led to the grounding of the planes and resulted in a great 
monetary and reputation loss to the company.  
In order to fulfil the demands on improved safety and a long life span for the 
battery system, there is an urgent need for an effective cooling technology for 
batteries. The requirements for the cooling systems are given as follows: (1) 
they should reduce the overall actual temperature of the battery system; (2) the 
temperature inside the system should be kept as homogeneous as possible; (3) 
the cooling system should not increase the size, weight, and cost substantially; 
(4) the overall system should not be too complicated. Some of the strategies on 
battery cooling are reviewed in [8, 15–20]:  
1) Free convection. This refers to battery without any designed cooling 
system. If the heating of the battery is not severe, it does not require any 
form of designed cooling system for the battery. This is the lightest and 
cheapest form of cooling system but it is also the least effective. 
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2) Heat sinks. The battery is cooled by encasing it with heat sinks, conducting 
the heat away from the battery [15]. This cooling system could be heavy, 
costly, bulky and complicated. 
3) Air cooling. In battery packs, the cells are arranged with gaps between 
each other. Fans are used for increasing the rate of flow of air through 
these gaps, and the cells are cooled by forced convection [16]. Although 
air cooling is a convenient means to cool batteries, its effectiveness in 
maintaining the batteries below 50 °C is questionable. Kizilel et al. [17] 
have demonstrated that the temperature reached 60 °C at the end of the 
discharge using air cooling. Due to its low density and specific heat, direct 
air cooling is highly dependent on ambience temperature and may not be 
sufficient to keep all regions of the batteries at the optimal temperature 
range [8].  
4) Cooled cell terminals. The current connectors, which connect the single 
cells in series, are bonded to cooling plates or passive heat sinks in battery 
packs [15]. This is an efficient way of cooling via cell terminals. There is 
also a high risk of mismatch cells in series and non-uniform temperature 
distribution.  
5) Phase Change Materials (PCM) such as matrix with paraffin wax [18]. 
Sabbah et al. [16] and his group have published numerous papers using 
PCM cooling technology since 2000. Their results show that a PCM 
thermal management system does not require fan power while keeping cell 
temperatures in the pack uniform and extend the battery cycling life. 
However this method could only work to reduce the temperature of the 
batteries and could not increase the temperature of the battery when it 
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requires heating. This makes it difficult to be used for vehicles at low 
ambience temperatures. 
6) Heat pipe. It is an effective method for heat dissipation [19]. However, it 
requires a large volume for this system since a traditional heat pipe smaller 
than 3mm in diameter is not easy to be manufactured. Moreover, the pipe 
material, size and working fluid must be tuned to particular cooling 
conditions. The whole cooling system can be very expensive [20]. 
7) Liquid cooling. This is a method that a liquid coolant carries fluid past the 
surface of each cell in the battery pack. There is not too much research on 
the liquid cooling system because it is too complex. It also has a high 
potential of coolant leak which may induce short circuit and damage the 
whole battery pack.  
Some of the cooling methods have already been adopted for use in HEV and 
EVs. For example, Nissan has opted for a simple design, using a fan to cool its 
batteries. A liquid coolant carries fluid past the surface of each cell in the pack 
and to a small radiator outside of the pack in general motor’s design. As 
suggested in [8], one method of reducing the propensity for thermal runaway 
is to incorporate internal cooling channels inside large batteries. Thus, an 
aggressive thermal management system is called for the more complex and 
large LIB system.  
2.1.2. Motors 
Electric motors, which convert electrical energy into mechanical energy, are 
widely used in industrial equipments and household appliances such as fans, 
blowers and pumps, machine tools, household appliances, power tools and 
disk drives. Over the years, electric motors have gained tremendous popularity 
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by virtue of numerous benefits: higher power level, higher operating speeds, 
easier installation, lower noise and vibration etc. According to a new global 
report released by Global Industry Analysts, Inc., (GIA), the world electric 
motors market is forecasted to reach US$62.3 billion by the year 2017 [21]. 
Despite electric motor’s various strengths, one problem is that the motor is 
heated up by accelerating/decelerating in a short period of time or when it is 
providing a large torque. Once the temperature exceeds the limit, the 
performance of the device would suffer catastrophic failure or lose all the 
torque.  
The thermal management of electric motors becomes a critical issue in the 
design and manufacturing industry [22]. A better cooling design can improve 
the motor efficiency, enhance the motor operational reliability, reduce noise 
level [23] and extend motor lifespan [24]. One example is using forced 
convection channels which are often adopted to cool down the electric motor 
effectively. In large size induction motors, liquid cooling and heat pipe 
cooling can also be applied [25-27]. Using different types of cooling medium, 
motor incorporated with air cooling, water cooling and oil cooling system are 
reviewed as followings: 
Motor performance is often limited by the capability to provide current 
through the stator and rotor while maintaining an acceptable temperature rise. 
Heat removal is usually achieved through an air cooling system by using a 
cooling fan. Some motors feature fins on their surfaces to facilitate heat 
radiation from the motor units, while some motors are designed to draw 
outside air directly into the motor for cooling. Thus the air cooling system is 
very simple since it does not require any cooling medium circulating 
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equipment or cooling device [28]. Therefore, in order to improve the motor 
thermal performance, fans in the air cooling system was studied by changing 
their geometries. Chang et al. [29] investigated the thermal performance of a 
large-scale motor with a capacity of 2350 kW experimentally and numerically 
using CFD software package. By redesigning a new heat exchanger with guide 
vanes and optimizing the distance between the axial fans, the new air cooling 
system can decrease the temperature rise by 6 °C in both the stator and rotor. 
Li [30] developed a numerical model on the air cooling of a permanent magnet 
electric motor with a centrifugal impeller. The thermal fluid analysis shows 
that the agreement between the numerical model prediction and experimental 
data is reasonably good. Lee et al. [31] presented a general technique to 
analyze the thermal field of the induction motor which has air ducts in stator 
and rotor core as forced cooling channels. The thermal network method (TNM) 
is used to model the motor. Both coolant network and non coolant network are 
coupled with each other to deal with the forced cooling problem. The 
proposed method applies to a 5 HP induction motor and the calculated results 
show very good agreements with the experimental data. A major drawback of 
the air cooling system is the limitation of the air’s heat transfer coefficient. It 
cannot offer high cooling performance when required. Besides this, the air 
cooling capacity highly depends on the ambient temperature, and this limits 
the air cooling performance in a narrow range. In order to cope with the 
increased heat generation, the cooling system used in high power motors is 
shifting from air cooling to water cooling in recent years. 
A water cooling system can remove heat by sending water through channels 
included inside the motor unit and then cooling the water before circulating it 
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back to the motor. They have been used in industry for many years because 
water cooling can offer motors a greater power/frame size ratio, lower noise 
level, higher efficiency, better resistance to local impact, etc. In addition, the 
cooling capacity can also be adjusted easily by varying the flow rate of the 
circulating pump in a totally enclosure environment [32]. Instead of using 
empirical methodology to estimate the mean convection, the developed 
numerical techniques such as CFD [33] and the thermograph techniques [34], 
give an opportunity for advanced thermal designs and estimation of machine 
parts to the cooling fluid [35-38].  
In order to maximize the power/frame size ratio, minimize the load losses and 
avoid hot spots region, Pechánek and Bouzek [39] conducted the optimization 
of  the water flow inside a water cooled electric motor frame by using CFD 
and thermograph technique. A new permanent magnet retarder (PMR) 
structure with water cooling system was proposed by Ye et al. [40] in order to 
improve the braking performance of conventional PMR for heavy vehicles. 
The test results show that the calculated temperature and braking torque 
agreed fairly well with the measured results. Compared with air cooled 
retarder, PMRs can maintain a low working temperature by using water 
cooling. Besides, a twin wheel direct drive prototype was proposed by 
Caricchi et al. [41]. It is based on a novel topology of water-cooled axial-flux 
permanent magnet motor. Kral et al. [42] presented a thermal model of a 
totally enclosed water-cooled induction machine to achieve a good 
compromise between accuracy and simulation performance. The axially and 
discrete radial physical regions of the machine were modelled in the object 
oriented language Modelica. Additionally, the water-cooling jacket was 
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modelled. Simulation and measurement results of a 6 kW prototype induction 
machine were presented and compared. Fan et al. [43] investigated thermal 
analysis of water cooled surface mount permanent magnet synchronous motor 
by two approaches. One is a lumped parameter thermal model which enables 
quickly to predict temperature rise in the electric machine. The other is 3D 
finite element method which can precisely calculate the temperature 
considering the effect of end winding and housing. In addition, the cooling 
system design, the influences of flow rate and thermal contact on the 
temperature distribution was studied in detail. Although water cooling system 
has shortcomings such as high manufacturing cost, the need of auxiliary 
system to provide water, risk of corrosion and leaks, it has become a 
promising solution for the industry application with the size reduction of 
electric motors and specific power increases.  
An oil cooling system is another cooling alternative which is basically the 
same as the water cooling system in principle, but it uses oil as the cooling 
medium. This system also boasts high heat transfer [44]. Nevertheless, it is 
important to note that, if the structure allows oil to enter between the rotors 
and states, friction resistance (mechanical energy loss) can be generated by the 
oil and this will compromise the heat transfer performance significantly. 
There are other cylindrical heat sources which also require effective cooling 
solutions, such as high power LEDs or high power lasers experiencing losses 
of up to 70% of total energy consumption emitted as heat. Gearboxes, drills 
and even nuclear fuel rods can also produce excessive heat that needs to be 
dissipated to ensure its performance, reliability and safety. 
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2.2. Single-Phase Heat Transport in Micro/Mini channels  
The ever increasing cooling demand for various applications such as batteries, 
motors, microprocessors and others, has challenged researchers to come up 
with innovative and effective cooling techniques that ensure optimal 
performance and improved reliability. Conventional cooling methods like air 
cooling are unable to keep up with the increasing cooling demands [45]. One 
of the most promising solutions for single-phase liquid cooling is the use of 
heat sinks with micro/minichannel. They offer several advantages such as 
compactness, light weight and higher heat transfer surface area to fluid volume 
ratio which make them more attractive compared with other macro-scale 
systems [46, 47]. As the hydraulic diameter decreases in a microchannel, the 
heat transfer coefficient increases, providing an excellent cooling mechanism 
[48].  
The concept of microchannel heat sink was first introduced by Tuckerman and 
Pease [2] in 1981. The microchannels fabricated in silicon chips which had 
channel dimensions of 50 µm (channel width) × 302 µm (channel depth), were 
able to dissipate heat flux of up to 790 W/cm
2
 while maintaining a maximum 
temperature difference between the substrate and inlet water of 71 °C. 
However, the pressure drops in these microchannels were very high, at 200 
kPa for plain microchannels and 380 kPa for pin fin microchannels. Similarly, 
Prasher and Chang [49] reported that single-phase microchannel liquid cooling 
was capable of cooling heat flux as high as 1250 W/cm
2
 at the expense of a 
high pressure drop of 50 kPa. This holds great promise for single-phase 
microchannels as a viable cooling option for microelectronics cooling.  
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Over the years, heat transfer in microchannels has been studied and compared 
in a number of investigations with the behaviour of conventional length scales 
reviewed in Garimella and Sobhan [3] and Sobhan and Garimella [4]. In 
addition, Lee et al. [50] conducted experimental investigations to explore the 
validity of classical correlations based on the conventional sized channels for 
predicting the thermal behaviour in single-phase flow through rectangular 
microchannels. The numerical results were found to be in good agreement 
with the experimental data, suggesting that such approaches, when coupled 
with carefully matched entrance and boundary conditions, can be employed 
with confidence for predicting heat transfer behaviour in microchannels in the 
dimensional range.  
A conventional microchannel heat sink generally employs straight channels in 
which the laminar streamlines of the coolant are almost straight. In the long 
channels, flow enters and becomes fully developed within the first few 
diameter lengths, and then remains developed through the remainder of the 
channel. As a result, the fluid mixing is poor and the heat transfer becomes 
inefficient. Besides this, these small channels experience a very high pressure 
drop. Furthermore, significant temperature variations across the chip can 
persist since the heat transfer performance deteriorates in the flow direction as 
the boundary layers thicken. Moreover, the heat flux in a chip may be non-
uniform, which culminates in hot spots which cannot be easily removed using 
conventional microchannel heat sinks. These will in turn compromise the 
reliability of the ICs and can lead to early failures. Therefore, various heat 
transfer enhancement methods such as passive techniques, active techniques 
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and optimization techniques for heat sinks will be reviewed in the following 
sections. 
2.3. Passive Techniques in Micro/Mini channels 
The passive technique generally employs special surface geometries or 
geometrical modifications to the flow channel by incorporating inserts or 
additional devices for heat transfer enhancement. Since the rate of heat 
transfer is greater in a developing boundary layer than in a fully developed one, 
thinning the boundary layer by other methods will increase the heat transfer 
performance. Various passive techniques have been employed to do this [5], 
including disrupting boundary layer, inducing the secondary flow, promoting 
flow mixing. Besides this, heat transfer area enhancement, manifold design 
and channel shape studies are also highlighted as a heat transfer augmentation 
techniques in the following review section. All these methods [51] serve to 
enhance the thermal performance and may simultaneously increase the 
pressure drop.  
Based on the fundamental theory of heat transfer, disrupting boundary layer 
development with fins and re-creating entrance effect can produce a high heat 
transfer coefficient. One of these methods to disrupt boundary layer is 
applying small grooves to the surface. Baghernezhad and Abouali [46] 
installed grooves on the wall surface of a microchannel. These openings can 
induce more disturbances and disrupt the boundary layer development in the 
flow, providing a more effective cooling mechanism. Kandlikar and Grande 
[52] evaluated the use of engineered structures within microchannels and 
fabrication methodologies for two specific classes of devices: microchannels 
containing structures within the channel and microchannels with grooves 
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etched into the channel walls. Presence of irregularity or grooved structures on 
the microchannel walls may lead to hydrophobic interactions and enhance heat 
transfer. Besides, Abouali et al. [53] have done a numerical investigation for 
two types of grooves (rectangular and arc-shaped) fabricated on the 
microchannel surfaces, which lead to enhancement in single-phase cooling. 
The results depict that the arc grooves have a higher heat removal flux 
compared with rectangular grooves but the latter have a higher coefficient of 
performance for the case in which grooves are made in the floor and on both 
side walls. Lee and Teo [54] introduced the slanted grooves on one of the side 
walls of a microchannel heat sink to induce the flow to swirl thus adding an 
additional component to the laminar flow. The heat transfer was found to 
increase by up to 12% without incurring substantial additional pressure drops.  
Another method for boundary layer re-development is using various fins such 
as interrupted fin, louver fin, offset strip fin, etc. In their numerical 
investigation on the heat transfer and fluid flow characteristics in an 
interrupted-plate passage, Patankar and Prakash [55] focused on the effect of 
plate thickness. Their results show that the thick fins created a significantly 
high pressure drop compared with zero thickness plate, but heat transfer did 
not increase significantly. Wang and Tao [56] studied the interrupted plate-
array with different angles aligned to the flow direction. They found that both 
heat transfer rate and pressure drop increase in the angles and plate length. 
Extensive thermal and fluid flow characteristics over louver fins have been 
studied by Davenport [57]. It was concluded that, when the Reynolds number 
increased, the flow became nearly parallel to the louvers. The authoritative 
correlations in Chang and Wang [58] for heat transfer and Change et al. [59] 
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for friction are widely used. They developed heat transfer and friction 
correlations based on the 91 samples of louver fin heat exchangers. Besides, 
Steinke and Kandlikar [60] have developed an enhanced microchannel heat 
exchanger using single-phase liquid flows. A silicon substrate is chosen to 
create off-set strip fins in the microchannel flow field. Experimental 
verification of this new method shows excellent improvement in heat transfer 
over plain or traditional microchannels with straight, continuous walls. 
Friction correlations were developed by Manglik and Bergles [61] based on 18 
of the 21 surface geometries in the Joshi and Webb [62] data set for the offset 
strip fin model.  
Re-creating the entrance effect in microchannel heat sink is another means to 
disrupt the boundary layer development, maintain the flow in the developing 
region and achieve a high heat transfer coefficient. Lee et al. [63] proposed a 
scheme with recesses created in the lid of a microchannel heat sink which can 
serve to modulate the flow and expand the flow into the re-entrant space, 
resulting in local and global heat transfer enhancement. Heat transfer in such a 
modified microchannel heat sink has shown an augmentation of heat transfer 
without an added penalty of increased pressure drop by numerical studies. A 
novel microchannel with fan-shaped re-entrant cavities was proposed and 
investigated numerically by Xia et al. [64]. It was found that the slipping over 
the re-entrant cavities reduces the friction factor but seriously impedes heat 
transfer possibly due to the reduced heat transfer area and flow bypass. Thus 
more studies are still needed to address the enhancement principle of re-
creating the entrance effect.  
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One of the most promising heat transfer augmentation techniques is to 
generate secondary flow and enhance the heat and mass transfer. Steinke and 
Kandlikar [65] suggested placing smaller secondary channels at an angle 
between the main channels to induce secondary flow, which will move from 
one channel to another. Another method to produce secondary flow is to insert 
twisted tapes, helical ribs or screw threads on the tube surface, which could 
enhance the heat transfer but do not incur high pressure drop penalty [66, 67]. 
A venturi could be also used to induce secondary flow without the use of 
external power. This technique increases fluid mixing and the addition of 
another flow stream to the main flow stream eliminates the need of secondary 
flow pumping power. Colgan et al. [68] presented detailed experimental 
results comparing various offset pin fin geometries. They show that the 75 or 
100 µm pitch silicon microchannel cooler with staggered fins achieve 
excellent heat transfer performance at a high power level. Another effective 
method to produce secondary flow is to mount or punch vortex generators 
(VGs) on convective heat transfer surfaces [69], which improve the heat 
transfer significantly. In order to understand the mechanism of convective heat 
transfer enhancement by secondary flow, Chang et al. [70] proposed cross-
averaged absolute vorticity flux to specify the intensity of the secondary flow. 
They concluded that this cross-averaged absolute vorticity flux can account for 
only the secondary flow effects on convective heat transfer but cannot 
quantify the effects of developing boundary layer on convective heat transfer. 
However, these studies have not reported how well the flow field distribution 
could be achieved due to the effects of secondary flow. Furthermore, the 
improved heat transfer provided by the secondary flow might have some 
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drawbacks. Springer and Thole [71] have found significant flow differences 
between a five-fin model and a nineteen-fin one in the louvered-fin arrays, and 
this is caused by the bounding wall effect. Edge effects due to flow mal-
distribution may induce non-uniform temperature distributions along the heat 
sink footprint. If it is used to cool an electrical component, the non-uniform 
temperature distribution might cause uneven thermal expansion of the device 
and could damage its electrical properties [14].  
Better flow mixing could initialize and disrupt boundary layer generation near 
the solid surface in the micro/minichannel. This phenomenon increases 
advection within the fluid and subsequently improves heat transfer. Goldstein 
and Sparrow [72] used a mass transfer technique to measure the local mass 
transfer coefficient distribution for a herringbone wave configuration. They 
proposed that the enhancement results from Goertler vortices that form as the 
flow passes over the concave wave surfaces. The enhanced flow mixing and 
redeveloping boundary layer from the reattachment points also contribute to 
the heat transfer enhancement. Sui et al. [73] numerically studied the laminar 
liquid-water flow and heat transfer in three-dimensional wavy microchannels 
with rectangular cross section. Flow field analysis show that Dean vortices 
may develop and improve the flow mixing when liquid coolant flows through 
the wavy microchannels. Thus the heat transfer performance of the present 
wavy microchannels can be maintained at high levels along the flow direction, 
and there can be a significant overall heat transfer enhancement with a much 
smaller pressure drop penalty, as compared with straight baseline 
microchannels. Rosaguti et al. [74] studied the fully developed laminar flow 
and heat transfer behaviour in periodic serpentine circular-section channels 
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numerically. The flow is characterized by the formation of a single pair of 
Dean vortices after each bend. The formation of Dean vortices produces 
significant heat transfer enhancement relative to flow in a straight pipe and 
pressure drop is also increased but to a lesser extent. The alignment of the 
flow with the vorticity in these structures allows significant mixing of the fluid 
without creating large pressure-drop penalties, and it was found that Dean 
vortices can inhibit flow separation. This is particularly promising because the 
results suggest that the use of serpentine channels is an effective method for 
enhancement of heat transfer in deep laminar flows. 
Moreover, vortex generators are mostly used to delay the flow separation, 
improve the flow mixing and enhance the heat transfer with manageable 
pressure loss. The level of heat transfer enhancement and of pressure loss 
depends on the geometry of the vortex generator (size, shape, angle of attack, 
aspect ratio) and the Reynolds number. It was reported that the hexagonal 
shape is the best to remove heat from the first heat source and the circular one 
is the optimal when heat removal from the second source is performed; the 
square vortex promoter instead is the best candidate when a reasonable 
combination of heat transfer and pressure drop is sought [75]. The case of a 
triangular vortex promoter has been studied in detail by Abbasi et al. [76], 
who reported that the vortex promoter produced an 85% increase in the time 
averaged Nusselt number at a Reynolds number of 250. Nitin and Chhabra [77] 
considered a rectangular vortex promoter immersed in a non-Newtonian fluid, 
and reported heat transfer variations of the order of 10% and a strong 
sensitivity on the power law used to describe non-Newtonian behaviours. Meis 
et al. [78] presented a systematic numerical study of the effects of heat transfer 
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and pressure drop produced by vortex promoters of various shapes in a 2D, 
laminar flow in a micro-channel. Three reference cross sections, namely 
circular/elliptical, rectangular and triangular, at various aspect ratios are 
considered. The effect of the blockage ratio, the Reynolds number, and the 
relative positions and orientations of the obstacle were also studied. 
From Newton’s cooling law Eq. (2-1), heat dissipation equals the product of 
the convective heat transfer coefficient, heat transfer area and the temperature 
difference between the heat sink and coolant. Accordingly, increasing heat 
transfer surface area is one of the ways to improve heat removal capability of 
heat sink in electronics cooling.  
)( sin coolantkheatheated TTAhq       (2-1) 
There are various methods for surface area enhancement by geometric 
obtrusions, fins, large aspect ratio channels, which increase the interface area 
between the heat transfer surface and the coolant or introduce favourable 
flows. 
The metallic foam with high thermal conductivity emerged as an effective 
method of heat transfer enhancement due to its large surface-area-to-volume 
ratio and intense mixing of fluid flow. Recently, the implementation of metal 
foam into a channel has begun to gain popularity. Bhattacharya and Mahajan 
[79] applied metal foams to finned channel heat sinks. However, the foam fin 
will not transfer as much heat as the plain fins although the hA value of foam 
fins exceeds that of the plain fin. This is because of the large flow rate 
reduction caused by its high air pressure drop. Klett et al. [80] developed a 
high-thermal-conductivity carbon foam material. The value of heat transfer 
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coefficient for carbon foam is approximately three times than that for louver 
fin geometry. However, a problem with carbon foam is that it may be brittle 
and subject to breakage. Compared with aluminium and carbon, copper mesh 
is highly preferred because of the high strength and thermal conductivity [81]. 
Fins, as appendages to a base, are used to enhance convection heat transfer by 
increasing surface area available for convection. Fin types commonly used in 
electronic cooling are rectangular (longitudinal) or pin fins [82]. Heat sinks 
often consist of repeating arrays, for which the fins may be aligned or 
staggered. Besides, large aspect ratio channels are often used as a way to 
enhance heat transfer by increased heat transfer area. Chiu et al. [83] 
numerically and experimentally investigated the heat transfer performance and 
characteristics of liquid cooling heat sink containing microchannels. The 
aspect ratio is set from 1.67 to 14.29 and the porosity from 25% to 85%. They 
found that the aspect ratio corresponding to the lowest effective thermal 
resistance changes with respect to pressure drop. It was found that the heat 
transfer performance for channels with a high aspect ratio is more enhanced 
than those with a low aspect ratio, incurring a higher pressure drop penalty. 
As regards manifold design, it is important to determine the flow distribution 
and pressure drop between the heat sink and the manifold system, which affect 
the efficiency and performance of the whole thermal system. Many 
researchers have studied the manifold design to enhance the heat transfer 
performance. There are two basic arrangement types for the manifolds, namely 
the “U” and “Z” types [84]. As early as 1980, a mathematical model for 
predicting the flow distribution in parallel and reverse flow manifolds has 
been developed by Datta and Majumdar [85]. Predictions employing a 
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numerical method have been observed to be in reasonable agreement with the 
measurements. Later on, Bassiouny and Martin [86] proposed an analytical 
solution to the non-friction flow in the manifolds. This work introduced the 
characteristic parameter m
2
 that quantifies the flow behaviour. The solutions 
were for both “U” and “Z” type configurations. More interestingly, a manifold 
microchannel heat sink has been proposed by Harpole and Eninger [87], while 
the coolant flows through the alternating inlet and outlet manifolds in the 
direction normal to the heat sink base to and from the segmented 
microchannels. The heat sink performance is enhanced significantly due to the 
advantages of manifolds: attenuated flow path of the coolant and restrained the 
boundary layer development. Numerous numerical and experimental studies 
have been performed by Copelend et al. [88], Ryu et al. [89], Wang and Ding 
[90] etc. They found that the thermal resistance, temperature gradient and 
pressure drop were reduced under the fixed flow rate compared with the 
traditional microchannel by the number of manifold inlet/outlet. However, 
various manifold designs require complex system at the expense of cost. 
Optimization is also another challenge due to the induced parameters.  
In addition, recent investigations on the cross-sectional shapes of the 
microchannels have shown to affect cooling performance. For example, 
Sadeghi et al. [91] examined a laminar forced convection channel with an 
annular cross section while maintaining a uniform temperature at the inner 
wall and an adiabatic outer wall; Nonino et al. [92] investigated on the 
different types of cross-sectional shapes of microchannels for their flow 
behaviours and the effect of viscosity. Six different cross sectional geometries 
have been considered in their studies: circular, flat, square, rectangle, 
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trapezoidal, and hexagonal. It was found that the shapes of the cross sectional 
geometries play an important role in determining the increment of the Nusselt 
number. However, the pressure drop is affected greatly by temperature-
dependent viscosity instead of the shape of the cross section.  
Rokni and Sunden [93] investigated fully developed friction factors and 
Nusselt numbers under turbulent conditions in trapezoidal ducts with a small 
set of sidewall angles and aspect ratios. Sadasivam et al. [94] proposed 
correlations for Nusselt numbers and friction factors under fully developed 
conditions in trapezoidal and hexagonal ducts with sidewalls at 30°, 45°, 60°, 
and 75° based on finite-difference solutions. Bahrami et al. [95] used the 
similarity between the governing equations of beam torsion and those of fluid 
flow in ducts to develop an approximate method for predicting pressure drop 
in ducts of arbitrary cross section including a trapezoidal shape and other 11 
different channel shapes. Their model predicts the pressure drop for the cross-
section studied within 8 percent of the values published. Furthermore, McHale 
and Garimella [96] investigated the heat transfer in the thermal entrance 
region of trapezoidal microchannels. Three-dimensional numerical simulations 
were performed using a finite-volume approach for trapezoidal channels with 
a wide range of aspect ratios. The local and average Nusselt numbers are 
correlated as a function of dimensionless length and aspect ratio, while the 
fully developed friction factors are correlated as a function of channel aspect 
ratio. More recently, Steinke and Kandlikar [97] compared many of the results 
for single-phase friction factors in different microchannel shapes. Various 
discrepancies in the literature have been addressed and a database is generated 
to critically evaluate the experimental available data. Their studies are highly 
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significant in that they successfully prove the conventional Stokes and 
Poiseuille flow theories applied to single-phase liquid flow in microchannel 
flows. 
All these literature reviews show that significant heat transfer enhancements, 
as well as pressure drop penalty, have been observed in the micro/mini 
channel structure by using passive techniques. Single-phase liquid cooling is 
still the predominant solution in heat transfer. However, more systematic and 
careful studies are still needed to understand the enhancement principles of 
heat transfer and pressure drop mechanisms in micro/mini channels. Besides 
this, a detailed review on the active heat transfer enhancement is provided in 
the following section. 
2.4. Active Techniques in Micro/Mini channels 
The active technique for heat transfer enhancement requires external power, 
such as electric or acoustic fields and surface vibration. Thus, flow mixing can 
be improved by surface vibration, fluid vibration, jet impingement, and other 
methods. A piezo-electric device can be used to vibrate a surface and impinge 
small droplets onto a heated surface to promote “spray cooling”. Xia [98] 
proposed a multiple-nozzle design with atomization assisted by a vibrating 
plate driven by a piezo-electric actuator. This proposal is particular promising 
because the bulk liquid or streams are broken down into micro droplets using 
micro nozzle array and piezo-electric plate. In this way, the diameter of liquid 
droplets, velocity and their location can easily be controlled. Heat transfer can 
be enhanced by the uniform spray distribution over the heated surface area. 
Moreover, single-phase fluids are of primary concern for fluid vibration 
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technique. A novel approach was proposed by Cheng et al. [99] to enhance the 
heat transfer by using the flow-induced vibration. The vibration and the heat 
transfer of these devices were studied numerically and experimentally, and the 
correlation of the shell-side convective heat transfer coefficient was obtained. 
It was found that increase of heat transfer coefficient and decrease of the 
fouling resistance can be achieved by the flow-induced vibration. In addition, 
a new hybrid cooling scheme was developed by Sung and Mudawar [100] 
combined the cooling benefits of micro-channel and micro-jet impingement 
flow. Excellent agreement between numerical predications and temperature 
measurements were achieved. The jet impinging flow broke the 
hydrodynamics and thermal boundary layer to create a steep velocity and a 
temperature gradient at the heater surface, promoting heat transfer. As a result, 
unprecedented cooling performance and lower surface temperature are 
achieved without phase change.  
From the above review, it can be seen that active augmentation techniques 
require additional external work input, inducing a more complex system. 
Besides this, the issues related to the cost, noise, safety, or reliability concerns 
make it impractical in small packages applications. 
2.5. Optimization Techniques for Heat Sinks 
To ensure the optimal performance and thermal reliability of the 
implementation on micro/mini channel heat sink, a significant amount of 
efforts have been dedicated to the optimization of micro/mini channels in 
recent years, as reviewed in this section. Two factors used for comparing the 
performance of heat sink are: the total thermal resistance and the pressure drop. 
Thus it is imperative to determine optimum geometrical parameters of the heat 
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sink that would result in minimum thermal resistance and pressure drop for 
cost effective and efficient thermal solutions. Fortunately, various 
methodologies and theoretical approaches have been used to optimize the 
channel geometry, such as multi-objective evolutionary algorithm, genetic 
algorithm, analytical method, Taguchi method etc. 
Husain and Kim [101] optimized a mixed flow microchannel with the help of 
three-dimensional numerical analysis, surrogate methods and multi-objective 
evolutionary algorithm. It was found that the optimum design shifted towards 
the lower values of the ratio of the channel width-to-depth, and the higher 
values of the ratio of fin width-to-depth of channel with increase of the driving 
source. Heymann et al. [102] optimized the fractal-like flow networks in disk-
shaped heat sinks using direct numerical search gradient-based optimization 
and genetic algorithm. Flow geometries resulting from minimizing pressure 
drop were compared to those from minimizing flow power. Shao et al. [103] 
performed a multi-objective optimization concerning the structure sizes of 
micro-channel heat sink using adaptive genetic algorithm. A systematic robust 
analytical method was presented by Biswal et al. [46] for design and 
optimization of single-phase liquid cooled microchannel heat sink. Effects of 
various design parameters such as footprint of heat source or device, thickness 
of the heat sink base, channel aspect ratio were delineated. A good agreement 
was obtained between analytical results and experimental data.  Three-
dimensional analysis was developed to obtain the optimal fin channel shape 
that minimizes the thermal resistance by Ryu et al. [89]. They found that the 
channel width appears to be the most crucial variable in dictating the 
performance of a microchannel heat sink. A nonlinear, signal objective and 
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multi-constrained optimization model was proposed for the microchannel heat 
sink in electronic chips cooling by Hu and Xu [104]. Taking the minimum 
thermal resistance as objective function, the sequential quadratic programming 
method was used to do the optimization design of the structural size of the 
microchannel. Nevertheless, the multi-objective evolutionary algorithm and 
genetic algorithm are mathematical programming-based techniques which 
require the theoretical correlation for optimization. This is unfeasible for 
cylindrical oblique fin minichannel heat sink at the absent of empirical 
equations. 
In addition, various optimizations have been performed by analytical method 
using simulation approaches. Based on the theory of a fully developed flow, 
the effects of the channel width and height on its thermal resistance were 
investigated by Kou et al. [105]. The minimum thermal resistance and optimal 
channel width with various flow powers and channel heights were obtained by 
using the simulated annealing method. Tonomura et al. [106] developed an 
automatic shape optimization system based on the adjoint variable method 
using C language on a Windows platform. The developed system was applied 
to the pressure drop minimization problems of microchannels. Tsai and Chein 
[107] developed a simple model to predict the performance of the 
microchannel heat sink based on simple one-dimensional energy balance. It 
was found that the simple model provided satisfactory results based on the 
comparisons with the experimental data. Türkakar and Okutucu-Özyurt [108] 
performed dimensional optimization of silicon microchannel heat sinks by 
minimizing the total thermal resistance. Intel Core i7–900 Desktop Processor 
chip with the dimensions of 1.891 cm × 1.44 cm was considered as the 
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reference processor and it was reported their heat sink can dissipate 130 W of 
heat. The optimization was performed for localized multiple heat sources, as 
well as for a uniform heat load condition. They found that the results of 
optimization agreed very well with those available in the literature. Wang et al. 
[109] optimized the geometric design for microchannel heat sinks using a 
novel multi-parameter optimization approach, which integrates the simplified 
conjugate gradient scheme with a fully developed three-dimensional heat 
transfer and flow model. Overall thermal resistance was set as the objective 
function to be minimized with number of channels, N, channel aspect ratio, a, 
and the ratio of channel width to pitch, β, as search variables. They found that 
increasing pumping power reduces the overall thermal resistance of the 
optimal design. However, the effect of pumping power decreased significantly 
as the values got higher. The values of N in the optimal design increased and 
those of β decreased as pumping power increased. Canhoto and Reis [110] 
reported the optimization of a heat sink composed of parallel tubes in a solid 
matrix of fixed dimensions for the following cases: (1) fixed pressure drop; (2) 
fixed pumping power; (3) fixed heat transfer rate density. The method of the 
intersection asymptotes was adopted using the dimensionless thermal length 
(x*) as primary optimization variable, and approximate theoretical expressions 
for predicting the optimum ratio of diameter to tube length (D/L) were 
presented for each case. These results were validated and complemented by 
means of numerical simulations. Thermal performance of a vertical plate-fin 
heat sink under natural convection was optimized for the case in which the fin 
thickness varied in the direction normal to the fluid flow by Kim [111]. The 
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model based on the volume averaging theory (VAT) was extended to study the 
performance of heat sinks under natural convection.  
The Taguchi method is a well-known parametric study tool in engineering 
quality and experimental design. Hsieh and Jang [112] performed a parametric 
study and optimization of louvered finned tube heat exchangers by numerical 
method. The effects of fin pitch, fin collar outside diameter, transverse tube 
pitch, longitudinal tube pitch, number of longitudinal tube rows, louver height, 
louver angle, fin thickness and louver pitch on fin performance of louver 
finned-tube heat exchanger were investigated by Taguchi method. They found 
that fin collar outside diameter, transverse tube pitch and fin pitch, were the 
main factors that influence the thermal hydraulic performance of the heat 
exchanger significantly. Qi et al. [113] analyzed five experimental factors 
(flow depth, ratio of fin pitch and fin thickness, tube pitch, number of louvers 
and angle of louver) affecting the heat transfer and pressure drop of a heat 
exchanger with corrugated louvered fins using the Taguchi method. They 
found that the flow depth, ratio of fin pitch over fin thickness and the number 
of the louvers were the main factors that influenced the thermal and hydraulic 
performances of the heat exchanger with corrugated louvered fins. The 
optimization was performed based on these three factors. 
The above studies have provided a powerful tool for the parametric 
optimization techniques of channel geometry. It is, however, mostly limited to 
the analogy models and numerical works. Due to the challenges on theoretical 
solution, experimental validation and actual fabrication limitations, it is crucial 
to carry out the optimization in carefully considering all the constraints, 
parametric and economics for developing accurate models.  
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CHAPTER 3 NUMERICAL ANALYSIS OF NOVEL 
CYLINDRICAL OBLIQUE FIN MINICHANNEL HEAT 
SINK 
This chapter provides a description on the numerical simulation for both 
conventional and oblique fin mini channels and is divided into 3 main sections. 
In Section 3.1, the details of the CFD simulation approach for the mini 
channel are provided. It has several procedures which includes minichannel 
geometry consideration, simulation model setup, governing equation, 
boundary condition, and grid independent study. In Section 3.2, simulation 
results and numerical analysis are discussed. The velocity and temperature 
profile, secondary flow distribution, entrance region effect, heat transfer and 
pressure drop characteristics are analyzed in detail. Lastly in Section 3.3, the 
conclusions for this chapter are presented. 
3.1. CFD Simulation Approach 
Fluid (gas and liquid) flows are governed by partial differential equations 
(Navier–Stoke Equation) which represent conservation laws for mass, 
momentum and energy. The computational fluid dynamics (CFD) approach is 
the art of replacing such PDE systems by a set of algebraic equations which 
can be solved using computers. In the numerical simulation part, Gambit v.2.4 
was used to do the dimensional modelling and generate the mesh file, which is 
then imported into Fluent v.12.1 for further analysis. Finally, observation is 
recorded based on the numerical results. 
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3.1.1. Cylindrical Oblique fin Minichannel Geometry Consideration 
Convective heat transfer takes place through both diffusion and advection. 
Heat first diffuses from the solid surface into the adjacent fluid particles, and 
then is transported into the fluid core by advection. For conventional straight 
fin minichannel, the boundary layer thickness keeps increasing as the fluid 
travels downstream until it merges at the center of the channel, i.e. flow 
becomes fully developed. This phenomenon reduces the magnitude of the wall 
temperature gradient (ΔT/Δy) and results in a lower heat transfer coefficient h, 
which can be illustrated in Figure 3-1. 
 
Figure 3-1 Boundary layer development of conventional straight channel  
A novel cylindrical oblique fin minichannel in the form of an enveloping 
jacket was proposed to fit over cylindrical heat sources such as motor, Li-ion 
battery, high power laser rod, etc. The proposed design in Figure 3-2 (a) 
consists of two types of channel arrays namely main flow channels and 
oblique secondary channels. The main flow channels are aligned with the axial 
direction while the oblique secondary channels are branched out from the 
main flow channel at an oblique angle. The presence of the oblique secondary 
channels disrupts and reinitializes the boundary layer development 
periodically. This results in the significant reduction of the boundary layer 
thickness and causes the flow to remain in the developing state unlike the 
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conventional straight fin configuration. Furthermore, the length of the oblique 
fin is much shorter compared to that of the conventional straight fin 
minichannel, and this limits the boundary layer development effectively. 
Therefore, the wall temperature gradient, ΔT/Δy, illustrated in Figure 3-2 (b), 
is consistently maintained at a higher value and higher heat transfer coefficient 






Figure 3-2 (a) Full domain configuration for cylindrical oblique fin 
minichannel heat sink (b) Boundary layer development of oblique fin 
channel 
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Lee et al. [6] employed sectional oblique fins to improve the flow mixing and 
enhance heat transfer performance on planar heat sink surface. It was reported 
that there was a slight deviation between numerical simulation results and 
experimental investigation and it was attributed to the different flow behaviors 
between the side edge regions and the middle regions of the heat sink. On the 
other hand, Steinke and Kandlikar [114] suggested placing the smaller 
secondary channels at an angle between the main channels for microchannel 
application. Secondary flow will move from one channel to another through 
these channels. Therefore, due to the excellent performance of secondary flow, 
this work proposes to use it as the basis for the design of cylindrical oblique 
fin minichannel structure (see Figure 3-2) with the intention to (1) better 
control the temperature of the cylindrical heat source, (2) eliminate the edge 
effect, (3) increase fluid-solid contact surface area, (4) generate uniform 
secondary flow on the minichannel surface, (5) disrupt thermal boundary layer 
development and (6) improve the flow mixing. 
In this simulation, the geometrical dimensions and information for both novel 
cylindrical oblique fin minichannel and conventional minichannel are 
tabulated in Table 3-1. In order to facilitate a fair performance comparison, 
both heat sinks in the simulation study share the same aspect ratio, channel 
width, fin width and overall footprint. Apart from these common 
characteristics, the oblique angle that denotes the angle between main channel 
and secondary channel is set as ~ 30°, which referred to the planar oblique fin 
studies by Lee et al. [6], and it was also suggested in the louver angle range 
(20° to 45°) by Suga and Aoki [115] in their louvered-fin heat exchangers 
studies. 
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Table 3-1 Dimension details for minichannel heat sinks 
Characteristic Conventional straight 
fin minichannel 
Cylindrical Oblique fin 
minichannel 
Material copper 
Footprint dimension D, 
(mm) 
18 
Fin length L,(mm) 65 
Number of rows 36 
Channel height H, (mm) 2 
Main channel bottom 
width (mm) 
1.40 
Main channel top width 
(mm) 
1.72 
Fin width (mm) 1.6 
Number of fins per row - 11 
Secondary channel gap 
(mm) 
- 2 
Oblique fin length (mm) - 3.7 
Oblique angle θ (°) - 30 
 
3.1.2. Simulation Model Setup 
A numerical 3D conjugate heat transfer simulation is carried out with 
considerations on both heat convection in the channel and conduction in the 
copper substrate. The minichannel with oblique fins exhibited a periodic 
pattern along the circumference as seen from the 3D plan view in Figure 3-2. 
Hence, in order to reduce the computation domain, the periodic geometry for 
the analysis consist of a full width fin at the centre and half width channels on 
each side was used. For the periodic boundary condition, the flow is 
considered as opposing periodic plane and is a direct adjacent to the first 
periodic boundary. Hence, when calculating the flow through the periodic 
boundary adjacent to a fluid cell, the flow conditions at the fluid cell adjacent 
to the opposite periodic plane were used. In Figure 3-3, it shows enlarged view 
of the simplified periodic computational domain for cylindrical oblique fin 
minichannel.  
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Figure 3-3 Simplified computation domain for cylindrical oblique-finned 
heat sink model 
In this simulation, both geometries for the minichannel with oblique fins and 
straight fin were configured in GAMBIT v.2.4. The top surface of the oblique 
fins and oblique channels were first meshed with quad-tri pave scheme with a 
0.15 mm spacing spanwise and 0.15 mm spacing stream wise. The top surface 
of the main channel was meshed with quad-tri pave scheme with a similar 0.15 
mm spacing spanwise and 0.15 mm spacing stream wise. The volume mesh 
for the main channel, oblique fins and secondary channels were then generated 
with hex/wedge-cooper scheme with 0.2 mm spacing in longitudinal direction. 
The volume for bottom substrate was then created with hex/wedge-cooper 
scheme with 0.2 mm spacing in longitudinal direction following the surface 
mesh from main channel, oblique fins and secondary channels at the interface, 
which can be shown in Figure 3-4 (b). Correspondingly, periodic boundary 
condition was adopted for the conventional minichannel heat sink 
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configuration at the centre of fins and channels in Figure 3-4 (a). It was 
assumed that there are no fluid flow and heat transfer across the periodic 
boundary surface. The minichannel edges were then meshed by a 0.15 mm 
(spanwise), 0.2 mm (longitudinal) and 0.15 mm (streamwise). Both the solid 
and fluid regions were meshed with hex/wedge-cooper scheme. The 
simulations are carried out using the commercial CFD software, which are 
GAMBIT v.2.4 and FLUENT v.12.1 in this case.  
  
(a) 
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Figure 3-4 Schematic view of the three-dimensional mesh (a) conventional 
straight channel (b) oblique fin channel 
For the cylindrical oblique fin minichannel, the hydraulic diameter can be 
defined in Eq. (3-1). This method was also used by Wong et al. [116] when the 







        (3-1) 
where l is one unit length of oblique fin structure, Aeq is the equivalent 
constant cross section when the cross section is varied all the time, and A is the 
heat transfer surface area. Thus, the Reynolds number in this work is defined 
by  

 hVDRe        (3-2) 
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where ρ is the fluid density, V is the average fluid velocity at Aeq and µ 











        (3-3) 
In the numerical simulation, local wall temperature Tw (x) and local fluid bulk 



























   (3-5) 
where A(x) and q(x) are the total local heat transfer area and total local heat 












    (3-7) 
where q” is the local heat flux. The local heat transfer coefficient h(x) and 

















      (3-9) 
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where kf is the thermal conductivity of water. The average Nusselt number for 
minichannel, Nuave can then be calculated based on the axially weighted 







      (3-10) 
3.1.3. Governing Equation 
Once the mesh files are exported to FLUENT, the 3D double precision 
pressure based solver is selected with standard SIMPLE algorithm as its 
pressure–velocity coupling method. Standard discretization scheme is used for 
the pressure equation while second order upwind discretization scheme is 
selected for both the momentum and energy equations. With regard to the 
material selection, water–liquid from the FLUENT material database is 
selected for working fluid while copper with thermal conductivity, kcu = 387.6 
W/m K is assigned as the fins and heat sink substrate material. The continuity 
equation and the Navier–Stokes equations in their steady, incompressible 
form, along with the associated boundary conditions were solved using the 
general purpose finite volume based CFD software package, FLUENT v.12.1 
[117]. The governing equations for the fluid flow are the continuity equation, 
momentum equation, and energy equations for liquid and solid listed as 
follow. 
0)(  V        (3-11) 
)()( VPVV        (3-12) 
)()( TkTCV p        (3-13) 
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0)(  Tk        (3-14) 
3.1.4. Boundary Condition 
In the present study, the following assumptions are made in modelling the heat 
transfer in minichannel in order to simplify the analysis: (1) steady fluid flow 
and heat transfer, (2) laminar flow, (3) incompressible fluid, (4) negligible 
radiation heat transfer from the minichannel heat sink to the surroundings, (5) 
constant solid and fluid properties except water viscosity, (6) negligible 
natural convective heat transfer from the minichannel heat sink. 
Since the Navier–Stokes equations were solved inside the domain, no–slip 
boundary conditions were applied on the channel walls for all cases. The inlet 
temperature of the coolant (liquid–water in this case) was set at room 
temperature 297 K (24 °C). A uniform flow profile was applied at the inlet and 
pressure outlet condition was prescribed at the outlet. In the 3D conjugate 
simulation, the substrate material is copper and the thickness in the model is 
4.5 mm which matches realistic conditions. Constant heat flux (27437 W/m
2
) 
was supplied evenly from the bottom of the substrate while the top surface of 
the copper microchannel was assumed bonded with an adiabatic material. A 
residual of 1 × 10
-6
 is set as the convergence criteria for the continuity 
equation, X velocity, Y velocity and Z velocity while that for the energy 
equation is set as 1 × 10
-9
. 
3.1.5. Grid Independence Study 
In order to conduct an accurate computational simulation, grid independence 
study is carried out to obtain a sufficiently finer mesh file. First, a coarse mesh 
file is generated and gradually refined until the changes of Nusselt number are 
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smaller than a pre-defined acceptable error. The entire computational domain 
in present study was meshed with hexahedral elements with the Pave scheme 
and a total of 375,375 (325 × 35 × 33) cells were generated. Simulations with 
different grid show satisfactory grid independence for the results obtained with 
this mesh. The resultant averaged Nusselt numbers from different meshes used 
were in close proximity to each other at volumetric flow rate of 500 ml/min, 
which is tabulated in Table 3-2.  
Table 3-2 Grid dependence of averaged Nusselt number, Nuave , at 
volumetric flow rate of 500 ml/min 
Grid number 325 × 35 × 
33 
650 × 35 × 
33 
650 × 35 × 
66 




6.51 6.47 6.42 6.41 
Cylindrical Oblique 
fin 
13.59 12.95 12.87 12.86 
 
There are four different mesh file generated respectively. For instance, Nuave 
of 6.51, 6.47, 6.42 and 6.41 were obtained with the mesh counts of 325 × 35 × 
33, 650 × 35 × 33, 650 × 35 × 66 and 810 × 41 × 66 cells, respectively for the 
case of conventional minichannel. The variations in Nuave were 0.65% from 
the coarse to the finer mesh, and 0.88% from the finer to the moderately finer 
grid while it is 0.13% from the moderately finer to the finest grid. Thus, the 
intermediate grid (650 × 35 × 66 cells) was selected. On the other hand, Nuave 
of 13.59, 12.95, 12.87 and 12.86 were achieved with the mesh count of 325 × 
35 × 33, 650 × 35 × 33, 650 × 35 × 66 and 810 × 41 × 66 cells, respectively 
for the case of cylindrical oblique fin minichannel. The variations in average 
Nusselt numbers were 4.96% from the roughest to the rough mesh, and 0.62% 
from the rough to the finer grid while 0.07% from the finer to the finest grid. 
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Likewise, the intermediate grid (650 × 35 × 66 cells) was selected for 
cylindrical oblique fin minichannel. 
3.2. Results and Discussion 
In this section, detailed analysis of velocity and temperature profile, secondary 
flow distribution and entrance region effect are presented based on the 
numerical simulation results for conventional straight fin minichannel and 
cylindrical oblique fin minichannel. The heat transfer and pressure drop 
characteristics are further discussed in this section. 
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Figure 3-5 Velocity contour for flow inside (a) Conventional straight fin 
minichannel (b) Oblique fin minichannel 
Simulation results reveal a clear flow field difference between the 
conventional straight fin minichannel and oblique fin minichannel. Figure 3-5 
shows the velocity profile at mid-depth (z = 18 mm) and mid-portion of the 
minichannel (x = 30 ~ 35 mm) when the flow rate is 400 ml/min. From Figure 
3-5 (a), it can be seen that the high velocity gradient from the wall to the fluid 
core implies the hydraulic boundary layer is fully developed and maintained 
throughout the whole conventional straight fin minichannel. Nevertheless, in 
Figure 3-5 (b), it is observed that the sectional oblique fin disrupts the velocity 
profile at each entrance of the downstream fin and causes the hydrodynamic 
boundary layer development to reinitialize at every downstream oblique fin. 
This results in the boundary layer thickness reducing significantly in 
comparison with the conventional straight fin minichannel. Thus the velocity 
profile is maintained in the developing region for this oblique fin structure.  
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Figure 3-6 Temperature contour for flow inside (a) Conventional straight 
fin minichannel (b) Oblique fin minichannel 
Convective heat transfer takes place through both diffusion and advection. 
Heat is transported from copper surface into the fluid particle and propagates 
further into the fluid core. Due to the significant flow field difference, a large 
fluid temperature distinction is found between the conventional straight fin 
minichannel and oblique fin minichannel. In Figure 3-6 (a), it can be seen that 
the fluid temperature difference is 4 K which is from 296.99 K to 300.98 K in 
the conventional straight fin minichannel. It is observed that the temperature 
gradient between the near wall fluid and core fluid is highly developed and the 
thermal boundary layer keeps increasing as the fluid travels downstream in the 
conventional straight fin minichannel. This phenomenon deteriorates the 
convective heat transfer and reduces the cooling effect on the copper surface. 
However, in Figure 3-6 (b), the temperature contour inside the oblique fin 
minichannel exhibits a more uniform fluid temperature distribution from 298 
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K to 300 K. It is found that a portion of the main flow is diverted into the 
secondary channel due to the presence of the oblique cuts on the solid fins. 
This secondary flow, which carries momentum driven by the pressure 
difference, injects into the adjacent main channel and disrupts the boundary 
layer as well as accelerates the heat transfer into the core fluid. This results in 
a better fluid mixing and superior heat transfer performance which lead to 
lower surface temperature.  
3.2.2. Secondary Flow Distribution 
An important phenomenon that affects the heat transfer significantly is how 
the fluid mixes inside the minichannel. Due to experimental limitations, the 
effects of the secondary flow on the minichannel were studied based on fluid 
mixing and numerical simulation results. This is feasible since the 3D 
conjugate simulation predictions generally agree with the experimental results 
in planar oblique fin heat sink in [6]. Since the oblique fin configuration is 
periodic, simulation studies focus on flow within a single channel domain 
instead of the full domain. Similar configuration is adopted for the louvered-
fin array by DeJong and Jacobi [118].  
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Figure 3-7 Representative results for the cross stream (X, Z) velocity 
vector and streamline at the middle location in the downstream (X) 
direction 
Figure 3-7 shows the typical cross stream (X, Z) velocity vector and streamline 
at the middle location in the downstream (X) direction. As fluid is forced into 
the oblique fin cylinder, coolant travels along the main channel as well as the 
secondary channel of the cylinder. When the Reynolds number is as low as 50, 
the streamlines in the secondary channel is uniform and orderly. The velocity 
is much lower in the secondary channel compared with the main channel. This 
implies that oblique fin has little effect in flow mixing at the low Reynolds 
number region. 
When the Reynolds number increases to 500, the streamlines near the trailing 
edge becomes rarefaction but the velocity is still in a relatively orderly pattern. 
This is due to the secondary flow carrying higher energy and momentum that 
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improves the flow mixing. The flow distribution is non uniform since there is 
a slight adverse pressure gradient near the trailing region of the oblique fin. 
The main channel boundary layer keeps re-developing at each oblique angle 
and this enhances the heat transfer performance.  
When the Reynolds number increases to 670, the adverse pressure gradient at 
the trailing edge of the secondary channel enlarges and a recirculation zone 
whirling in a clockwise direction is formed. DeJong and Jacobi [118] also 
reported a similar recirculation zone in their studies for louvered-fin arrays. 
This recirculation results in a very high shear stress near the trailing edge of 
the secondary flow and this incurs an additional pressure drop since the flow 
in the recirculation region has high energy that cannot be dissipated.  
When the Reynolds number is 840, the flow recirculation is further intensified 
and is shown as a larger recirculation zone area in Figure 3-7 (d). The presence 
of this region with the higher velocity gradients causes an increment in 
turbulence and shear stress. The net mass flow region through the secondary 
channel reduces substantially and this may produce unfavourable effect in 
flow mixing. As a result, it hinders heat transfer and it suffers a high pressure 
drop penalty. 
3.2.3. Entrance Region Effect  
The discussion of the fluid behaviour in oblique fin minichannel shows that 
the velocity profile is disrupted at each entrance of the next downstream fin 
and this phenomenon causes the boundary layer growth to be unconstrained 
from the entrance region. To understand the entrance region effects of the 
oblique fin minichannel; simulation results based on the velocity streamline 
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and local heat transfer coefficient are employed to understand the 
hydrodynamic entrance length Lh and thermal entrance length Lt in oblique fin 
minichannel respectively when volumetric flow rate is 400 ml/min and total 
heat input is 140 W. For conventional straight fin minichannel, the Dh is 
2.308mm and Re is 200 while for the oblique fin minichannel, the Dh is 
2.506mm and Re is 217. 
 
Figure 3-8 Velocity streamline profile for (a) Conventional straight fin 
minichannel (b) Oblique fin minichannel 
Figure 3-8 shows the velocity streamline profile comparison between 
conventional straight fin minichannel and cylindrical oblique fin minichannel. 
For straight fin minichannel, the velocity profile begins to develop along its 
length until it becomes the fully developed Hagen–Poiseuille velocity profile. 
The hydrodynamic entrance length Lh is calculated as 0.023 m based on the 






      (3-15) 
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For oblique fin minichannel, it is observed that the velocity distribution had 
reached steady state from the second oblique fin. Thus the pressure drop 
between each oblique fin unit is calculated and it approaches to a constant 
value of 3 Pa from 0.008 m. This implies that the friction factors are constant 
and the velocity profile between each oblique fin unit is steady developed 
from 0.008 m, which is considerably shorter than the conventional straight fin. 
This indicates the stable flow behaviour is achieved sooner in oblique fin 
minichannel rather than straight fin minichannel.  
 
Figure 3-9 Local Nusselt number comparison between conventional 
straight fin minichannel and cylindrical oblique fin minichannel 
Figure 3-9 presents the local Nusselt number comparison, Nux, between 
conventional straight fin minichannel and cylindrical oblique fin minichannel. 
It is shown that Nux for straight fin minichannel changes with streamwise 
location all the time. The thermal entrance length Lt is calculated as 0.328 m 
based on the following equation [48]: 
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     (3-16) 
This provides clear evidence that the conventional straight fin undergoes a 
thermal developing flow. In contrast, Nux for oblique fin minichannel 
approaches to an average value of 11.8, which can be considered as the steady 
developed value of Nusselt number, Nufd, and there is slight deviation of Nux, 
which is caused by the periodic regeneration of the boundary layers for each 
oblique fin structure along the downstream of the minichannels. In addition, 
the higher Nux can be attributed to the uniform secondary flow generation in 
cylindrical oblique fin minichannel, which is about 20% of coolant mass flow 
across inlet and shown as blue dots in Figure 3-9. Based on the suggestions by 
Shah and London [119], the thermal entrance length Lt, is defined as the 
distance required for the deviation of Nux within 5% of Nufd. Thus Lt of 
oblique fin minichannel in Figure 3-9 can be determined as 0.025 m, which is 
significantly shorter than conventional straight fin minichannel. It implies that 
a thinner thermal boundary layer and steady developed heat flow are achieved 
sooner due to the shorter entrance length in the cylindrical oblique fin 
minichannel rather than the straight fin minichannel. 
Furthermore, Figure 3-9 shows that the novel cylindrical minichannel induces 
both notable local and global enhancements. For the conventional straight fin 
minichannel, the local Nusselt number decreases linearly as the boundary 
layer thicken when the fluid travels downstream. On the contrary, the local 
Nusselt number for the cylindrical minichannel with oblique fins nearly 
reaches a constant value of 11.8 along the downstream direction. This is an 
enhancement of almost 90% compared to conventional minichannel. The 
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observation of higher and more uniform heat transfer performance can be 
attributed to these effects: boundary layer re-development (explained in 
Section 3.2.1), secondary flow effect (explained in Section 3.3.2), and shorter 
entrance length (explained in Section 3.2.3).  
 
 
Figure 3-10 local heat flux profile between conventional straight fin 
minichannel and cylindrical oblique fin minichannel 
In addition, Figure 3-10 shows the local heat flux profile between the 
conventional straight fin minichannel and the cylindrical oblique fin 
minichannel. It is found that the general trend of heat flux for the cylindrical 
oblique fin minichannel is lower than the conventional straight fin 
minichannel due to the larger heat transfer area of the oblique fin. 
Conventional straight fin minichannel experiences severe decreasing heat 
dissipation as it travels downstream. 37% of the total heat is dissipated at the 
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first 20% distance travelled in the thermal developing region. Meanwhile, the 
local heat flux decreasing gradient is more moderate for cylindrical oblique fin 
minichannel. 48% of the total heat is dissipated in the developing flow 
compared with 52% in developed flow. These results further confirm that 
cylindrical oblique fin minichannel have more uniform convective heat 
transfer performance due to the shorter entrance region effect than 
conventional straight fin minichannel. 
3.2.4. Heat Transfer Characteristic 
 
Figure 3-11 Wall temperature comparison between conventional straight 
fin and cylindrical oblique fin minichannel 
Due to the secondary flow generation and entrance region effect in cylindrical 
oblique fin minichannel, superior convective heat transfer performance is 
achieved, and this results in a more uniform and lower surface wall 
temperature compared to conventional straight fin minichannel. Figure 3-11 
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shows the surface wall temperature comparison between conventional straight 
fin and cylindrical oblique fin minichannel. It is observed that the maximum 
wall temperature for the oblique fin minichannel is at 31.82 °C and the 
temperature difference between maximum and minimum wall temperature is 
at 2.67 °C. In the case of the conventional straight fin minichannel, the 
maximum wall temperature is at 35.77 °C and the temperature difference 
between maximum and minimum wall temperature is at 3.48 °C. Therefore, 
the introduction of oblique fins results in considerable decrease of the 
maximum wall temperature by 3.95 C and the temperature difference 
between maximum and minimum wall temperature by 0.82 C respectively.  
 
(a) 
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Figure 3-12 (a) 5
th
 oblique fin unit (not to scale) (b) Local heat flux on 
each surface (c) Local heat dissipation from each surface 
In order to get a better understanding of each surface effect of the oblique fin 
on flow and heat transfer, the local heat flux and local heat dissipation is 
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calculated based on the simulation results for the 5th oblique fin unit from the 
inlet location. In Figure 3-12, the oblique fin surfaces are named as O1 
(oblique fin face 1), O2 (oblique fin face 2), M1 (main channel fin face 1) and 
M2 (main channel fin face 2), while each bottom wall for the oblique fin unit 
is named as BO1 (bottom face 1 of oblique channel), BO2 (bottom face 2 of 
oblique channel), BM1 (bottom face 1 of main channel), and BM2 (bottom 
face 2 of main channel). It is seen that O1 (heat flux 9988.73 W/m
2
) and M1 
(heat flux 10574.7 W/m
2
) are the most effective heat transfer surfaces among 
all the faces. They dissipated 56.6% of the total heat. This is due to the fact 
that boundary layer is reinitialized and redeveloped, which results in a thinner 
thermal boundary layer thickness at these two faces. In contrast, the local heat 





and they removed 23.07% of the total heat dissipation. This can be explained 
by the slightly increased boundary layer thickness on these two faces 
compared to O1 and M1, which can be seen in Figure 3-5 and Figure 3-6. 
Interestingly, the total heat dissipation for the entire bottom surfaces are only 
at 20.33%, which is much lower compared to the heat dissipation from the 
side wall surfaces. Local heat transfer performance shows that BO1, BM1 and 
BM2 are the main contributors of heat dissipation for bottom surfaces that 





 and 3764.3 W/m
2
 respectively. The bottom face BO2 only dissipated 
0.74% of the total heat and the local heat flux is only 1179.32 W/m
2
. This is 
because the boundary layer re-development at the bottom surface is not as 
significant as the side wall surface. Thus lower local heat flux and lower heat 
dissipation is observed at these bottom surfaces. This is also found in the study 
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of fractal-like branching channel networks by Alharbi et al. [120]. The present 
study proves that the bottom face BO2 is the most ineffective heat transfer 
surface because it is affected by the adverse pressure gradient in the secondary 
channel significantly.  
3.2.5. Pressure Drop Characteristic 
 
Figure 3-13 Local pressure profile comparison between conventional 
straight fin and cylindrical oblique fin minichannel 
In addition, one of the most desirable traits for this novel cylindrical oblique 
fin minichannel is that there is a slight lower pressure drop penalty compared 
with conventional straight fin minichannel. Figure 3-13 depicts the local 
pressure profile comparison between conventional and oblique fin 
minichannel when the volumetric flow rate is at 400 ml/min. In the 
conventional channel, it is seen that the continuous pressure decreases linearly 
and this is due to the friction loss along the channel. On the contrary, the 
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pressure profile of oblique finned microchannel is exemplified as “periodic 
dips and spikes” and is caused by the different flow behaviours in the oblique 
minichannel. In Figure 3-13, it is noticed that the local pressure drops sharply 
when the secondary flow injects into the main channel at each outlet of the 
oblique channels. This phenomenon can be attributed to the local friction loss 
in both oblique channel and main channel; the local reduced cross-sectional 
flow area also increases local fluid velocity at the expense of pressure. At each 
entrance of the oblique fins, there is slightly pressure recovery to spikes. This 
can be explained by the local increased cross-sectional flow area in the region 
of secondary channel gap, thus the local fluid velocity slows down with 
increased pressure. This is different from the conventional passive heat 
transfer enhancement techniques where the heat transfer enhancement is 
usually accompanied with a large pressure drop penalty. 
3.3. Conclusions 
A novel cylindrical oblique fin minichannel heat sink was proposed to fit over 
cylindrical heat sources in the form of an enveloping jacket. Its flow field and 
heat transfer performance were compared with the conventional straight fin 
minichannel heat sink through numerical simulation studies. The following 
key findings can be drawn from the present study: 
 Simulation results revealed a clear flow field difference between the 
conventional straight fin minichannel and oblique fin minichannel. It 
was found that boundary layer thickness is reinitialized and 
redeveloped from the velocity and temperature profile analysis of the 
cylindrical oblique fin minichannel. Better fluid mixing and superior 
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heat transfer performances are caused by the secondary flow 
generation. This leads to a lower surface temperature from the 
temperature profile analysis for the cylindrical oblique fin minichannel.  
 A flow recirculation zone forms at the larger Reynolds number in the 
secondary channel. However, this recirculation is insignificant at the 
low Reynolds number region. The motion of the particles in the 
secondary channel fluid is in an orderly flow manner as all the particles 
are moving in straight lines parallel to the boundary wall. The 
streamline flow in the main channel is broken and thinned at each 
entrance of the secondary channel.  
 Both hydrodynamic entrance length Lh and thermal entrance length Lt 
in oblique fin minichannel were found to be 0.008 m and 0.025 m for 
the cylindrical oblique fin minichannel respectively. This is 
considerably shorter compared to conventional straight fin and 
indicates stable flow behaviour. A thinner thermal boundary layer and 
a steady developed heat flow can also be achieved sooner due to the 
shorter entrance length in the oblique fin minichannel rather than the 
straight fin minichannel. Local heat flux distribution further confirms 
that the cylindrical oblique fin minichannel have more uniform 
convective heat transfer performance than the conventional straight fin 
minichannel. 
 The local Nusselt number for the cylindrical minichannel with oblique 
fins nearly reaches a constant value of 11.8 along the downstream 
direction. This is an almost 90% enhancement compared with the 
conventional minichannel. The higher and more uniform heat transfer 
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performance can be attributed to these effects: boundary layer re-
development, secondary flow effect, and shorter entrance length. 
Surface O1 and M1 were found to be the most effective heat transfer 
surfaces while BO2 is the most ineffective heat transfer surface 
because it is affected by the adverse pressure gradient in the secondary 
channel. 
 One of the most desirable traits of the cylindrical oblique fin 
minichannel is that there is a slightly lower pressure drop penalty 
compared with conventional straight fin minichannel. This is due to the 
periodic local pressure drop by the reduced cross-sectional area and 
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CHAPTER 4 EXPERIMENTAL INVESTIGATION OF 
NOVEL CYLINDRICAL OBLIQUE FIN MINICHANNEL 
HEAT SINK 
This chapter provides a description on an experimental investigation of single-
phase heat transfer in conventional straight fin minichannel and novel 
cylindrical oblique fin minichannel. The objective is to validate the 
applicability of conventional theories and simulation results in predicting heat 
transfer performance in Chapter 3. In Section 4.1, the test section design, 
experimental setup, experimental procedure and data analysis will be 
presented in detail. Section 4.2 is dedicated to discuss and analyze the heat 
transfer, pressure drop and overall heat transfer characteristics for both 
configurations. Lastly in Section 4.3, critical conclusions are drawn from the 
experimental investigations in this chapter. 
4.1. Experimental Setup and Procedures 
4.1.1. Experimental Setup 
Figure 4-1 shows the schematic of the flow loop that was configured to 
circulate cooling liquid through the minichannel test section at desire 
operating conditions for the experimental setup. The setup consists of a 
reservoir, liquid–to–air heat exchanger, valves, filter, gear pump, flow meter, 
data acquisition system, DC power supply, computer, pressure transducer, 
thermocouples and test section where it holds the test piece assembly. A 
rectangular container of size 12 cm × 15 cm × 20 cm made of polycarbonate 
material is used for the storage of the de-ionized water. During the test, de-
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ionized water is pumped into the test section through the flow loop using a 
gear pump (Cole Parmer Console drive 75211–15 with a mount suction shoe 
pump head 73004–02) and the flow rate is measured using a turbine liquid 
flow meter (McMillan 104 6T) with a measurement range of 100–1000 
ml/min. Upon exiting the gear pump, a portion of the flow, controlled by a by-
pass valve, entered the flow loop, while the remaining portion returned to the 
reservoir through a by-pass loop. A needle valve is used to control and adjust 
the flow for the loop. Temperature measurements are obtained at the inlet and 
outlet plenum of the test section as well as at another eight locations below the 
channel surface of the test piece using T-type Watlow thermocouples 
respectively. The pressure drop between the inlet and outlet plenum of the test 
section is measured using GE LP 1000 Series Druck Ultra Low differential 
pressure transmitter (Model:LPM1512C1SNW1). The test section is heated 
using a cartridge heater which is powered by a 850W Programmable DC 
power supply (SORENSEN XTR150–5.6) with an output range of 0 to 150 V 
and 0 to 5.6 A. In order to maintain a constant temperature of the water in the 
reservoir after it is pumped out from the test section, a Thermatron liquid–to–
air heat exchanger (Model 735SPC2A01) is used to regulate the desired 
temperature before the water is pumped back into the reservoir. Swagelok 
Stainless Steel pipes and fittings were used to construct the flow loop. The 
data from all different sensors were collected using a National Instruments 
high speed Data Acquisition System (16-channel thermocouple input module 
NI 9214 and 16 channel, ± 20 mA / ± 10V input module NI 9207). 
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Figure 4-1 A schematic flow loop of experimental setup 
4.1.2. Test Section 
The test section consists of four parts namely the housing, the cover, the top 
adaptor and the copper block minichannel heat sink shown in Figure 4-2. The 
housing comprises of the top housing, the bottom housing and the main 
housing, all of which are made of Teflon. The top housing holds the top 
adaptor, top cover and minichannel heat sink. It has two O ring slots, one 
within the top plate and the other at the top housing to prevent leakage. At the 
top and bottom housing, there are independent pressure and temperature ports 
for measuring the fluid properties before and after bypassing the heat sink. 
The minichannel heat sink is made from a copper block which minichannels 
are cut on the surface using Computer Numerical Control (CNC) Machining 
process. There are eight holes adjacent to each other around the circumference 
below the channel surface in the block for inserting the thermocouples to 
measure the heat sink’s stream wise temperature distribution. These eight 
holes were drilled 4.5 mm below the channel surface: 13 mm, 26 mm, 39 mm 
and 52 mm below the outlet plenum respectively. The bottom housing was 
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used to hold the bottom cover and minichannel heat sink and provided uniform 
flow to the inlet channels.  
 
Figure 4-2 Exploded view of test section 
Experiments were carried out on the heat sinks with conventional straight fin 
minichannel and novel cylindrical oblique fin minichannel. The actual test 
pieces are shown in Figure 4-3. The detailed dimensions for both are given in 
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Figure 4-3 Experimental test pieces of conventional straight fin and 
cylindrical oblique fin heat sinks 
Table 4-1 Geometrical details for conventional straight fin and cylindrical 
oblique fin minichannels 
Characteristic Conventional straight 
fin minichannel 
Oblique fin minichannel 
Material copper 
Footprint dimension D, 
(mm) 
18 
Fin length L,(mm) 65 
Number of rows 36 
Channel height H, (mm) 2.002 2.039 
Main channel bottom 
width (mm) 
1.365 1.532 
Main channel top width 
(mm) 
1.730 1.973 
Fin width (mm) 1.598 1.542 
Aspect ratio, α 1.47 1.31 




Oblique fin length (mm) - 3.744 
Oblique angle θ (°) - 30.8 
 
4.1.3. Experimental Procedure 
In order to obtain accurate data of the temperature, pressure drop and velocity 
for the flow through the test sections, the thermocouples, pressure sensor and 
flow meter were carefully calibrated before the commencement of each 
experiment. 
After the test section is assembled and calibrations are completed, the gear 
pump is switch on and the desired flow rate within the flow loop is set using 
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the gear pump and needle valve. When the flow rate and inlet fluid 
temperature are stabilized, the power supply to the heaters is set to the test 
value. Steady state is reached after about 30 to 50 minutes in each test run 
when all the temperature readings are within ± 0.1 °C for about 2 minutes. 
Steady state readings from the thermocouple, differential pressure transmitters 
and flow rate are recorded by data acquisition card from National Instrument 
and stored in the computer throughout the experiment. All power, temperature, 
pressure and flow rate measurements are averaged over a 2 minutes period 
using NI LabVIEW SignalExpress software. The flow rate is then increased 
for the next test, and the experimental procedure repeated. Experiments were 
conducted at flow rate ranging from 50 ml/min to 900 ml/min and heat input is 
varied from 50 W to 300 W. 
4.1.4. Data Reduction 
The steady-state heat gain by the water can be determined from the energy 
balance equation below: 
)( ,, ifofp TTQCq         (4-1) 
The volumetric flow rate Q is measured with a flow meter. The inlet and outlet 
fluid mean temperature (Tf,i and Tf,o) are obtained using the two thermocouples 
positioned immediately upstream and downstream of the minichannel 
respectively. The density and specific heat are calculated based on the mean 
fluid temperature Tf,ave (average of the fluid inlet and outlet temperatures). The 
amount of heat loss that is dissipated via other means such as natural 
convection, radiation, and conduction through the housing are experimentally 
determined by the following equation:  
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heatloss    (4-2) 
The qinput input power is supplied via the 850 W Programmable DC power 
supply (SORENSEN XTR 150 – 5.6). It is found that more than 85% of the 
heat input power is transferred to the fluid when the Reynolds number is more 
than 50 and the unintended heat loss is below 15%. Therefore, the effective 
average heat flux based on the convective heat transfer area is calculated using 
the measured sensible heat gain using Eq. (4-1).  
Since direct measurement of the minichannel wall temperature is not 
available, it is determined by extrapolation from the temperature measured in 
the copper block by assuming 1-D heat conduction, which was used in [73, 








,       (4-3) 
where 17 mm is the distance from the base of the minichannel to the center of 
the heat sink and 12.5 mm is the distance from the thermocouple location to 
the center of the heat sink.  
 
Figure 4-4 Cross section of the mini channel heat sink 
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T       (4-4) 
Fin efficiency η is used to account for the temperature drop through the 
extended fins. The non-conductive material (Teflon) is assumed to be an 
adiabatic fin tip condition. The fin efficiency η [122] is correlated by  
mH
mH)tanh(





m    (4-5) 
pf  is the fin perimeter and Ac is the fin cross section area.  
Thus the total area of convective heat transfer surface, Atot, can be found from 
the following equation based on the definition of fin efficiency:  
finbchtot AANAA       (4-6) 
where Ab is the un-finned surface area at the bottom of the channels and Afin is 
fin area. Ach is the area available for convection per channel, L(W+2ηH).  
The local heat transfer coefficient and the average heat transfer coefficient can 














      (4-8) 
Tw,i is the local wall temperature. Constant surface heat flux condition was 
assumed in the experiment due to the high thermal conductivity of copper. 
                                                                                                  Chapter 4 Experimental 
Investigation of Novel Cylindrical Oblique fin Minichannel Heat Sink___________ 
75 
 
Thus the fluid bulk mean temperature at location x, Tf,x, was calculated using 










,,      (4-9) 
Tw,ave is the average local minichannel wall temperature and Tf,ave is the average 
fluid temperature. The corresponding local Nusselt number and average 












Nu        (4-11) 
where Dh is the hydraulic diameter of the channel and kf is the thermal 
conductivity of water. 







 ,       (4-12) 
where Tw,ave is the average wall temperature of the heat sink, Tin is the inlet 
coolant temperature and q is the heat gain by the water. 
As for the material properties, copper is assumed to have a constant thermal 
conductivity of kcu = 387.6 W/m·K. The density, specific heat capacity, 
thermal conductivity and dynamic viscosity of water are evaluated at the mean 
fluid temperature (average of the fluid inlet and outlet temperatures). As the 
pressure taps are located upstream and downstream of the minichannel in the 
inlet and outlet plenum, the measured pressure drop includes the sum of 
pressure drops from inlet plenum to the outlet plenum and the minor losses 
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due to abrupt contraction and expansion at the inlet and outlet. Calculations 
were made based on the methods described in [123] and hence the pressure 
drops reported here are obtained as followed: 
echc PPPP       (4-13) 
The pressure drop across minichannel can be calculated as  
ecch PPPP       (4-14) 
where △Pc and △Pe are the contraction pressure losses from the shallow 
plenum to the minichannel inlet and expansion pressure losses from the 
minichannel outlet to the shallow plenum. These minor losses can be 























VVP       (4-16) 
where ‘s’ denote the shallow plenum, Kc and Ke are the loss coefficients due to 
the abrupt contraction and abrupt expansion respectively. Based on the 
suggestions by Kays and London [124], Kc (1.1 and 0.3) and Ke (0.15 and – 
0.25) are chosen for conventional straight fin and cylindrical oblique fin 
separately. 
4.1.5. Uncertainties Analysis 
The uncertainties of the measured data can be classified into two groups: 
random uncertainties, which can be treated statistically; and systematic 
uncertainties which cannot be treated in the same way. T type thermocouples 
with an absolute uncertainty of ± 0.5 °C are used. The maximum allowable 
error for the flow meter is ± 0.5% full scale. As for the differential pressure 
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transmitter used for measuring the pressure drop between inlet and outlet, the 
tolerance is ± 1% full scale and the absolute uncertainty in dimension 
measurement is ± 5 µm. In this report, a standard error analysis by the method 
described by Taylor [125] is used to calculate the total uncertainties of various 
variables. For a steady-state condition, the total uncertainty of sensible heat 
gain by the water is from 14.15% to 15%, and the revealed total uncertainties 
of heat transfer coefficients to be from 14.73% to 15.55%. Details of the total 
uncertainty calculation are given in Appendix A. 
4.2. Results and Discussion 
The experimental investigation on both conventional and cylindrical oblique 
fin minichannel heat sinks is conducted over the flow rates ranged from 50 
ml/min to 900 ml/min, which correspond to Reynolds numbers of 50 to 500 
and with the heat input ranged from 50 W to 300 W. Since L/ReDh > 0.05 
(hydro-dynamically fully developed) and L/ReDhPr < 0.05 (thermally 
developing), all the experimental data correspond to the thermally developing 
regime criterion for conventional minichannel. 
4.2.1. Validation of Numerical Predictions 
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Figure 4-5 Wall temperature comparison (a) Conventional straight fin 
minichannel (b) Cylindrical oblique fin minichannel 
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The measured performance presented and compared with the numerical 
predictions. Figure 4-5 shows the wall temperature distribution on the heat 
sink surface at different stream wise locations when the flow rate is at 400 
ml/min and heat input is 170 W. The continuous lines are obtained from 
simulation prediction in Chapter 3 while the dots are obtained from 
experiments. It is found that the deviation between experimental and 
numerical results is less than 6% under all conditions. This means the 
numerical simulation studies in Chapter 3 are validated by the present 
experiments. It is also observed that the wall temperature in the heat sink is 
increased along the stream wise location. This is due to the increasing fluid 
bulk mean temperature in Eq. (4-9), which could determine the energy balance 
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4.2.2. Heat Transfer Characteristic 
 
 
Figure 4-6 Local Nusselt number for conventional straight fin and 
cylindrical oblique-finned minichannel heat sink 
A greater local heat removal capability can be achieved by using the 
cylindrical oblique fin heat sink in comparison with the straight fin heat sink. 
Figure 4-6 shows the local Nusselt number at different locations for both 
conventional straight fin and cylindrical oblique fin heat sink based on Eq. 
(4-10), when the Reynolds number is 310. It is observed that cylindrical 
oblique fin heat sink has a consistently higher Nusselt number compared to 
conventional heat sink at all locations within the heat sink. At the first location 
which is 13 mm from the flow entrance, the local Nusselt number 
enhancement is as high as 126% compared with the conventional heat sink. 
The minimal local Nusselt number enhancement is 57%. The mechanism 
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behind this heat transfer enhancement is that the thermal boundary layer is 
constantly being re-initialized at leading edge of each oblique fin which causes 
the fluid flow to remain in the developing state and the thermal boundary layer 
becomes thinner for the oblique fin minichannel. On the other hand, the 
thermal boundary layer thickness keeps increasing as it travels downstream 
until it becomes fully developed for the case of the straight fin minichannel. 
 
Figure 4-7 Average Nusselt number obtained from experiments and 
numerical analyses for conventional straight fin and cylindrical oblique-
finned minichannel heat sink 
Figure 4-7 shows the graph of the average experimental and numerical Nusselt 
number against Reynolds Number for both conventional and cylindrical 
oblique fin minichannel heat sinks. The experimental values of the Nusselt 
number are derived from the average values from the eight thermocouples at 
the stated flow rate. Both experimental data obtained in the two test modules 
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show that the trend of the water flow in minichannel is similar with that of the 
prediction of the simulation results. It can be seen that the average Nusselt 
number for both minichannel heat sinks increase with Reynolds number 
because the thermal boundary layer thickness decreases with increased fluid 
velocity. Nevertheless, the heat transfer performance for the minichannel with 
cylindrical oblique fin is significantly higher than conventional minichannel 
heat sink. The average Nusselt numbers for both configurations are almost 
equivalent at the lower Reynolds number of 50 since the flow is considered 
zero and convection heat transfer is negligible. However, the average Nusselt 
number increase to as much as 75.64%, from 8.58 to 15.07 when the Reynolds 
number reaches 460. This heat transfer performance increment is 20% higher 
than that of planar oblique fin microchannel [6]. This noticeable enhancement 
in heat transfer is due to the combined effects of thermal boundary layer re-
development at the leading edge of each cylindrical oblique fin and the 
uniform secondary flows generated by flow diversion through the oblique fins 
as explained in Section 3.2.  
The total thermal resistance comprises conductive, convective and caloric 
thermal resistance. The conductive thermal resistance is greatly dependent on 
the heat sink material property and both use the same copper material with a 
thermal conductivity of 387.6 W/m·K. Thus the conductive thermal resistance 
is the same for both heat sinks. The caloric thermal resistance reduces with 
increasing flow rate however it is not a significant term in liquid cooling 
system since ρcp is very high and have little effect on the thermal resistance. 
The convective thermal resistance reduces with increasing Reynolds number 
and results in lower total thermal resistance. 
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Figure 4-8 Total thermal resistance obtained from experiments and 
numerical analyses for conventional straight fin and cylindrical oblique-
finned minichannel heat sink 
Figure 4-8 shows the graph of the experimental and numerical total thermal 
resistance against Reynolds number for both conventional heat sink and 
cylindrical oblique fin heat sink. As shown in Figure 4-8, the experimental and 
numerical result matches closely and the differences are all within 12% 
tolerance. As the flow rate increases, the Reynolds number rises and the total 
thermal resistance in minichannel decreases exponentially. This is because the 
thermal boundary layer thickness decreases as the fluid velocity increases. It is 
found that the total thermal resistance of the cylindrical oblique fin 
minichannel (Rtot = 0.029 °C/W) reduced by as much as 59.1% compared with 
conventional minichannel (Rtot = 0.046 °C/W) when the Reynolds number was 
around 460.  
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Figure 4-9 Local wall temperature distribution for conventional straight 
fin and cylindrical oblique fin minichannel heat sink 
In the experiment, the lower total thermal resistance contributes to the lower 
surface temperature of the minichannel heat sink. Similarly a comparison of 
wall temperature at the same location between cylindrical oblique fin and 
conventional heat sinks was made at heat flux of 6.1 W/cm
2
 and Reynolds 
number of 310. A reasonable constant heat transfer performance was observed 
across the cylindrical oblique fin minichannel heat sink. As shown in Figure 
4-9, for all the test points, the cylindrical oblique fin heat sink has a lower wall 
temperature compared with the conventional heat sink. A nearly uniform 
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4.2.3. Pressure Drop Characteristic 
 
Figure 4-10 Pressure drop for conventional straight fin and cylindrical 
oblique-finned minichannel heat sink 
Figure 4-10 plots the pressure drop comparison between inlet and outlet of the 
two heat sinks. The solid line shows the simulation results while all the 
discrete data represent the experimental data for the thermal developing 
laminar flow at Reynolds number from 50 to 500 for both conventional and 
cylindrical oblique fin minichannel heat sinks. The experimental data obtained 
in the test modules shows that the pressure drop trend in the two minichannels 
is similar with that of the prediction of the simulation results. The pressure 
drop deviation is higher than expected for both minichannel heat sinks at 
lower Reynolds number region. This discrepancy was thought to be due to the 
uncertainties in channel dimensions, surface roughness and flow rate 
measurement errors which is reported in [81]. The pressure drop increases as 
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the Reynolds number increases because as the coolant flow rate increases, the 
more frictional loss it faces as it transverses through the heat sink. However, a 
significant heat transfer augmentation of the cylindrical oblique fin 
minichannel heat sink is achieved with a small pressure drop penalty 
compared with the conventional minichannel. At low Reynolds number, the 
pressure drop for conventional heat sink is a little bit higher than the 
cylindrical oblique fin configuration. This is probably because most of the 
coolant flow through the main channel with very little flow going though the 
secondary channels. As the Reynolds number increases, a higher percentage of 
coolant is diverted into the oblique channels. This creates a stronger secondary 
flow which further augments the heat transfer but incurs additional pressure 
drop penalty. Therefore, the pressure drop for oblique fin minichannel starts to 
deviate and increases more than the conventional configuration when 
Reynolds number is beyond 350. As shown in Figure 4-10, when the Reynolds 
number is around 460, the maximum pressure drop of the cylindrical oblique 
fin minichannel is 106 Pa and for the conventional minichannel it is 97 Pa. 
Therefore, the cylindrical oblique fin heat sink generates secondary flow 
which enhances its heat transfer performance yet maintains a comparable 
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4.2.4. Overall Heat Transfer Characteristic 
 
  
Figure 4-11 Average heat transfer enhancement and pressure drop 
penalty for different Reynolds number  
Figure 4-11 shows the average heat transfer enhancement and pressure drop 
penalty at different Reynolds number for the conventional straight fin channel 
and cylindrical oblique fin channel. The heat transfer enhancement (ENu) and 
pressure drop penalty (Ef) are defined as the average Nusselt number and 
friction factor of the cylindrical oblique fin channel divided by that of 












     (4–17) 
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     (4–18) 
As shown by the ENu line, the value is always higher than 1 which implies that 
the oblique fin channel is superior to conventional straight fin channel in heat 
transfer performance. For the case of the line Ef, at Reynolds number from 50–
200, the overall friction factor of the oblique fin minichannel is lower than the 
conventional straight minichannel however at higher Reynolds number, the 
friction factor for the conventional minichannel is lower. It should be noted 
that at higher Reynolds number, the heat transfer performance is improved by 
about 74% for the oblique fin minichannel over the conventional straight 
minichannel while the friction factor increases only about 20%. This shows 
that the cylindrical oblique fin minichannel can improve energy efficiency 
significantly and save more pumping power overall.  
4.3. Conclusions 
Heat transfer and pressure drop characteristics of single-phase flow through 
cylindrical oblique fin minichannel heat sink were experimentally 
investigated. Its cooling effectiveness was compared with conventional 
straight fin minichannel heat sinks through experimental studies and numerical 
predictions. The test pieces were manufactured from copper and thermal 
measurements on the heat transfer characteristics were performed for flow 
rates in the Reynolds number ranging from 50 to 500. Comparisons between 
numerous experimental analyses and numerical predictions have led to some 
important findings: 
 Numerical simulation studies in Chapter 3 were validated for the 
experimental prototype tests currently since the deviation between 
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experimental and numerical results is less than 6% under all conditions 
when the volumetric flow rate is at 400 ml/min. 
 The averaged Nusselt number for the cylindrical oblique fin 
minichannel heat sink increases up to 75.6% as compared with the 
conventional straight fin minichannel heat sink. The average total 
thermal resistance for the cylindrical oblique fin minichannel heat sink 
reduces up to 59.1% in comparison with the conventional straight fin 
heat sink. 
 For a heat flux of 6.1 W/cm2 and Reynolds number of 310, local wall 
temperature distribution showed that the surface temperature of 
cylindrical heat sink is reduced by 4.3 °C. The rationale behind this 
phenomenon is that the repeating cylindrical oblique fins caused the 
thermal boundary layer development to be reinitialized at its leading 
edge. The uniform secondary flow generated by the oblique fin 
decreases the thermal boundary layer thickness, enhances the heat 
transfer performance and results in a lower overall surface wall 
temperature.  
 Pressure drop analysis shows that the cylindrical oblique fin heat sink 
maintains a comparable pumping power compared with the 
conventional heat sink. The generation of secondary flow significantly 
improves the heat transfer yet only incurs a slight pressure drop 
penalty when the Reynolds number is beyond 350. 
 Heat transfer enhancement (ENu) and pressure drop penalty (Ef) show 
that there are significant advantages of the cylindrical oblique fin 
minichannel over the conventional straight fin minichannel overall. 
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CHAPTER 5 PARAMETRIC INVESTIGATION OF HEAT 
TRANSFER AND FRICTION CHARACTERISTICS IN 
CYLINDRICAL OBLIQUE FIN MINICHANNEL HEAT 
SINK 
Although the single-phase fluid flow and heat transfer characteristics in 
cylindrical minichannel with oblique fins is now better understood from 
previous chapters, the fundamental understanding of flow mechanisms in the 
oblique fin structure is still not fully comprehended. The work in this chapter 
attempts to explore the flow mechanism and optimizes the structure of 
cylindrical oblique fin heat sink for its best overall heat transfer performance. 
In Section 5.1, a similarity analysis of oblique fin is performed to obtain the 
dimensionless grouping parameters which are used to evaluate the total heat 
transfer rate of the heat sink. 3D conjugated heat transfer simulations are 
carried out using CFD approach to determine the performance of the heat sink 
in Section 5.2, which includes the governing equation, boundary condition, 
grid independency and validation of numerical model. In Section 5.3, various 
flow distributions will be investigated and reported, as the secondary channel 
gap, oblique angle and Reynolds number are varied. Moreover, the effects of 
oblique angle and secondary channel gap are presented. Finally, multiple 
correlations for the average Nusselt number and the apparent friction constant 
are obtained and discussed in the Section 5.4. These correlations could be used 
for further researches such as performance prediction or geometrical 
optimization. 
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5.1. Theoretical Analysis 
Convective heat transfer takes place through both diffusion and advection. 
Heat first diffuses from the solid surface into the adjacent fluid particles, and 
is then transported into the fluid core by advection. The transport of energy is 
expressed in terms of the heat transfer coefficient, and the transport of 
momentum is related to the force exerted on the surface and it is usually 
represented in terms of drag force or shear stress. These are governed by the 
behaviour of boundary layers. For the cylindrical oblique fin minichannels, the 
present authors in [127] found that the boundary layer is disrupted and 
reinitialized at the leading edge of each fin. The boundary layer thickness is 
reduced significantly and boundary layer is assumed not to be confined by the 
presence of minichannels. Therefore, based on the suggestions in [128], 
external forced convection theory can be applied for cylindrical oblique fin 





, where C1, C2, m and n are constants. The 
Falkner–Skan transformation, sometimes referred to as wedge–flow solution, 
was modified to develop the solution for this oblique fin structure. The 
following assumptions were made in evaluating the heat transfer rate in 
minichannel with oblique fins in order to simplify the analysis: (1) steady fluid 
flow and heat transfer, (2) laminar flow, (3) incompressible fluid, (4) fully 
developed flow, (5) external flow, (6) 2D structure is analysed instead of 3D. 
5.1.1. Governing Equation 
The solutions to the Falkner–Skan transformation [128] and potential flow 
theory show that the free stream velocity over a wedge shown in Figure 5-1 
has a power–law functional form. The free stream velocity in the x–direction 
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for either case (a) and (b) is given by u∞=C1x
m
, where the exponent m is 








Figure 5-1 (a) Flow over a wedge of with angle βπ  (b) flow through an 
expansion with angle -βπ 
For the local thermal non-equilibrium model, the flow near the wedge is 
governed by the boundary–layer equations. The equation for continuity is 





































where u is the x velocity, v is the y velocity, and υ is the kinematic viscosity. 
The equation for conservation of energy in a boundary layer with steady flow 






















where T is the local temperature and α is the thermal diffusivity of the fluid.  
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where T∞ is the free stream temperature and Ts is the surface temperature. 
Substituting the function of the surface–to–stream temperature difference 
given by Ts = T∞+C2x
n






Based on the Falkner–Skan transformation, similarity variable, η, originally 





















The transformation of the problem from the x, y plane to x, η plane progresses 
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Substituting Eqs. (5-8), (5-9) and (5-10) into energy equation, applying 




















































which is an ordinary differential equation for the dimensionless temperature in 
[128] and f is the dimensionless stream function for Blasius solution [129]. 
The solution to the non-dimensional temperature is function of Pr, η and β: 
),(Pr,~
~
 f  
(5-12) 


























By combining Eq. (5-14) with Newton’s law of cooling, q’’ = h(Ts - T∞), local 
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5.1.2. Similarity Analysis of Oblique Fin 
For the flow over a single oblique fin structure, there are four different wedge 
flows for each face namely M1 (main channel face 1), M2 (main channel face 
2), O1 (oblique fin face 1) and O2 (oblique fin face 2) as shown in Figure 5-2. 
Local heat transfer characteristics in Section 3.2.4 have showed that 80% of 
the total heat dissipation is removed by these four oblique fin side wall faces, 
which validates the 2D assumption in the present analysis. The problem of 
heat transfer in laminar flow of an incompressible, constant property fluid in 
the fully developed region of the 2D single oblique fin structure is treated 
theoretically. Therefore, the following equations are defined as local heat 
transfer coefficient expressions for these four faces respectively: 
 
Figure 5-2 Single oblique fin structure 
For M1, β = 0, based on the constant surface heat flux boundary condition, 
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   
(5-17) 
where lf is the fin length. 















































   
(5-20) 
where H is the oblique fin width, u1 is the main flow velocity and u2 is the 










In Figure 5-2, Eq. (5-21) could be used to obtain the average convection heat 
transfer coefficient for this mixed boundary layer situation based on the 
method described in [122]. By integrating the local heat transfer coefficient on 
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each face, the averaged heat transfer coefficient of the oblique fin structure in 




































































It is noted that a mass balance of control volume (CV) in Figure 5-2 can be 









where D1 is defined as main channel width and lsc is secondary channel gap. 
The above equation can be normalized by defining dimensionless 

































where lu is a characteristic length for one unit of oblique fin in Figure 5-2. 
Eqs. (5-24) may be substituted into Eq. (5-23) to obtain the dimensionless 





 scluDuD  
(5-25) 
We therefore anticipate that the solution to Eq. (5-25) will be the function 
form 
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Dlguu sc  
(5-26) 
Hence, for a prescribed main flow width D1 and characteristic length of 



















To simplify the analysis, substituting Eqs. (5-12) and (5-27) into Eq.(5-22), 












In the cylindrical oblique fin minichannel structure, the average Nusselt 
number in the fully developed region of oblique fin minichannel, Nuave,fd, can 














where Dh is the hydraulic diameter of the minichannel.  
Based on the large studies for laminar entrance effects of circular tube and 
channel flow for the case of a fully developed velocity profile by Kays [130], 
Sieder and Tate [131], Dh/L can be taken into account the entrance effects for 
laminar flow in the cylindrical oblique fin minichannel. Therefore, the scale 
analysis of the length-averaged Nusselt number in the cylindrical oblique fin 
minichannel can be expressed as 
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ave   
(5-30) 
where L is the total length of the cylindrical oblique fin minichannel. 
5.2. Physical Model Assumptions 
In the present study, parametric numerical simulations are carried out to 
understand the importance of the various dimensions of the oblique fin heat 
sink and verify the similarity analysis (Section 5.1) of the heat transfer 
performance. Furthermore, the discussion on pressure drop is provided. The 
following assumptions are made in the modelling for simplifying the analysis: 
(1) steady fluid flow and heat transfer, (2) laminar flow, (3) incompressible 
fluid, (4) negligible radiation heat transfer from the minichannel heat sink to 
the surroundings, (5) constant solid and fluid properties except water viscosity, 
(6) negligible natural convective heat transfer from the minichannel heat sink. 
 
Figure 5-3 Full domain configuration for cylindrical oblique fin 
minichannel heat sink 
                                                  Chapter 5 Parametric Investigation of Heat Transfer 
and Friction Characteristics in Cylindrical Oblique Fin Minichannel Heat Sink___ 
101 
 
Numerical 3D conjugate heat transfer simulations were carried out based on 
the forced convection flow using a commercial CFD solver, Fluent v.12.1. The 
minichannels with oblique fins exhibited a periodically repeating pattern along 
the circumference as seen from the 3D plan view in Figure 5-3. Hence, in 
order to reduce the computation domain, the periodic boundary condition 
consisting of a full width fin at the center and half width channels on each side 
was used in Figure 5-4. In this simulation, parametric studies of cylindrical 
oblique fin minichannel were performed by varying the oblique angles from 
20° to 45°, secondary channel gap from 1 mm to 5 mm and Reynolds number 
from 200 to 900.  
 
Figure 5-4 Simplified computation domain for cylindrical oblique fin 
minichannel heat sink 
5.2.1. Numerical Solution Method 
Based on the stated assumptions and model descriptions, the 3D double 
precision pressure based solver was selected with the standard SIMPLE 
algorithm as its pressure–velocity coupling method. Standard discretization 
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scheme was used for the pressure equation while second order upwind 
discretization scheme was selected for both the momentum and energy 
equations. With regards to the material selection, water–liquid from the 
FLUENT material database was selected for working fluid while copper with 
thermal conductivity, kcu = 387.6W/mK was assigned as the fins and heat sink 
substrate material. The continuity equation and the Navier–Stokes equations in 
the steady, incompressible form, along with the associated boundary 
conditions were solved using the general purpose finite volume based CFD 
software package, FLUENT v12.1 [117]. In this study, the apparent friction 
factor was used to evaluate the total pressure drop of the water flowing 












The apparent friction constant fappRe is defined as the product of the apparent 
friction factor fapp and the Reynolds number. Local wall temperature Tw(x) and 




























where A(x) and q(x) are the total local heat transfer area and total local heat 
input separately, which can be defined as follows:  
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(5-37) 
where kf is the thermal conductivity of water. The length-averaged Nusselt 
number for minichannel, Nuave, can then be calculated based on the axially 









Since the Navier–Stokes equations were solved inside the domain, no–slip 
boundary condition was applied on the channel walls for all cases. The inlet 
temperature of the coolant was set at room temperature 297 K (24 °C). A 
prescribed mass flow rate was applied at the inlet and gauge pressure at the 
outlet was set as 0 Pascal. 1 W/cm
2
 heat flux was evenly supplied from the 
bottom of the substrates while the top surface of the heat sink was assumed to 
be bonded with an adiabatic material. A residual of 1 × 10
-6
 was set as the 
convergence criteria for the continuity equation, x-velocity, y-velocity and z-
velocity while that for the energy equation was set as 1 × 10
-9
. 
                                                  Chapter 5 Parametric Investigation of Heat Transfer 
and Friction Characteristics in Cylindrical Oblique Fin Minichannel Heat Sink___ 
104 
 
Based on the grid independence study for cylindrical oblique fin minichannel 
(θ = 30°, lsc = 2 mm) in Section 3.1.5, the minichannel edges for all the 
different structures were meshed with 0.1 mm (spanwise), 0.1 mm 
(longitudinal) and 0.1 mm (streamwise) cells. The entire computational 
domain in present study was meshed with hexahedral elements with the Pave 
scheme and a total of 682,500 (650 × 35 × 30) cells were generated. This mesh 
file could be sufficient fine to balance the computational time and accuracy.  
5.2.2. Validation of Numerical Model 
In order to validate the numerical simulation procedure, numerical simulations 
were carried out at the same operating conditions as the experimental 
investigation of cylindrical oblique fin minichannel heat sink. Figure 5-5 
shows the comparison between the simulated results and experimental results. 
Compared to the experimental results, the average deviation of Nu is around 
4.5% while the average deviation of f is around 14% for Re between 200 and 
500. The deviation of f is higher at low Reynolds number region (Re < 200). 
This discrepancy was due to the uncertainties in channel dimensions ( ± 5 µm), 
flow rate measurement errors ( ± 0.5% full scale) and differential pressure 
sensor errors ( ± 1% full scale) etc. which is reported in [81]. The uncertainty 
of f was at 2.43% in the high Re region but it dropped drastically to 22.38% at 
the low Re region based on the uncertainty analysis. The details of this 
validation were further discussed in Fan et al. [132]. A similar numerical 
model developed by the same group was validated in [6]; good agreement 
between simulation and experimental investigation for Reynolds number range 
of 400–900 (corrected to account for the revised definition of Dh [116]). Thus 
it is expected that the presented numerical model is applicable for the 
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Reynolds number range of 200–900. This demonstrates the reliability of the 
present simulation procedure and experimental investigation. 
 
Figure 5-5 Comparison of numerical and experimental results for 
cylindrical oblique fin minichannel 
5.3. Results and Discussion 
Parametric heat transfer analysis was performed numerically for the study. 
The cylindrical straight fin minichannel was first optimized based on the same 
footprint area at Reynolds number of 300. To quantify the overall performance, 
the heat flux per pumping power and per temperature difference, qp, was used 
to evaluate the performance of the different minichannel designs as defined in 
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where Pp is the pumping power needed to drive the de-ionized water through 
the minichannel, Q is the total heat removed by water and N is the total 
number of minichannels. Copper and water were selected as the wall material 
and type of fluid respectively (Pr = 7). 
Based on the similarity analysis of oblique fin in Section 5.1, it is shown that 
the effect of oblique angle θ and secondary channel gap lsc in cylindrical 
oblique fin minichannel are important parameters on the heat transfer 
performance of the heat sink. In addition to these factors, the average Nusselt 
number and apparent friction constant are functions of the Reynolds number. 
The effects of varying the key geometric parameters were then studied while 
maintaining the other parameters at a constant value. In the following sections, 
the effect of oblique angle (θ), secondary channel gap (lsc) and Reynolds 
number (Re) are discussed.  
5.3.1. The Effect of Aspect Ratio in Straight Fin Channels 
The dimension details of 6 different straight fin minichannels can be found in 
Table 5-1. Figure 5-6 shows the comparison qp of different kinds of cross 
section geometries, which also represent the aspect ratio α (α = H/W, H: 
channel height, W: channel width) from 0.38 to 3.14. As aspect ratio increases, 
a greater number of channels are packed along the circumference of the heat 
sink and the total increasing heat transfer area increases both the heat transfer 
performance and required pumping power. As the aspect ratio initially 
increases from 0.38 to 1.05, the heat transfer performance increases at a 
greater rate than the pumping power and qp increases. As the aspect ratio 
increases from 1.05 to 3.14, qp decreases instead. This is because at higher 
aspect ratio, the friction for the fluid flow increases faster than the amount of 
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heat transferred away by it. Therefore, in order to get the highest value for qp, 
aspect ratio of 1.05 is chosen since it can keep the heater temperature as low as 
possible and yet consume low pumping power from Figure 5-6. In the 
following numerical studies, all the cylindrical oblique fin minichannel 
structure design was based on the chosen aspect ratio (as shown in Figure 5-3). 





Perimeter(mm) Fin height 
(mm) 
Dh(mm) α(H/W) 
1 36 7.69 2.74 1.58 3.14 
2 28 7.76 2.47 1.79 2.18 
3 20 7.72 2.00 1.92 1.29 
4 18 7.77 1.82 1.93 1.05 
5 15 7.76 1.48 1.82 0.71 
6 12 7.7 0.98 1.45 0.38 
 
 
Figure 5-6 Comparison qp of different aspect ratio in straight fin 
minichannel heat sink 
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5.3.2. Flow Distribution with changing Secondary Channel Gap 
Better flow mixing could initialize and disrupt boundary layer generation near 
the solid surface in the minichannel. This phenomenon increases advection 
within the fluid and subsequently improves heat transfer significantly. 
Recirculation is formed because the low energy fluid particles in the boundary 
layer do not have enough momentum to overcome the combined action of 
adverse pressure gradient and viscous force in the flow direction. This forms 
an unfavourable region in which the flow is unable to move smoothly out and 
therefore reduces the heat transfer in that region. In this study, it is useful to 
bring the flow field mechanism (fluid mixing and recirculation) to account for 
the heat transfer performance in the cylindrical oblique fin heat sink. Figure 
5-7 shows the streamlines for the flow distribution under varying secondary 
channel gap at the upstream, middle and downstream of the flow, while Figure 
5-8 presents the percentage of secondary flow for further explanation. The 
Reynolds number was set as 526, oblique angle as 35°, aspect ratio as 1.05, 
and fin width as 1.74 mm while the secondary channel gap lsc was varied from 
1 mm to 5 mm.  
In Figure 5-7 (a), there is a small recirculation flow formed at the secondary 
channel. The majority of the flow is confined in the main channel and only a 
small portion of flow is diverted to the secondary channel. Moreover, it can be 
seen that the percentage of secondary flow is only 3% in Figure 5-8. Thus the 
flow is main-channel directed and the secondary channel contributes very little 
in flow mixing. When lsc increases from 1 mm to 3 mm, the space of the 
recirculation zone in the secondary channel increases along the flow direction 
as shown in Figure 5-7 (b), and the percentage of secondary flow also 
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enhances to 25.5% with the increased distance of secondary channel. 
Interestingly, when the lsc further increases to 5 mm, the recirculation zone 
moves upwards from the oblique face O2 to main channel face M2 and 
dissipates at the downstream flow region, while the percentage of secondary 
flow increases to 75.3% significantly. Therefore, the flow transitioned from 
main-channel directed to secondary channel directed since most of the flow 
passes through the secondary channel rather than the main channel. Therefore, 
the flow mixing between main channel and secondary channel improve 
significantly and the secondary channel contributes greatly in flow mixing and 
enhances heat transfer greatly. 
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Figure 5-7 Flow streamlines in the full domain (θ = 35°, Re = 526): y-z 
plane at x = 11 mm (a) lsc = 1 mm: display of overall fin region;  (b) lsc = 3 
mm : display of overall fin region; (c) lsc =5 mm : display of overall fin 
region 
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Figure 5-8 Percentage of secondary flow for oblique fin minichannel (θ = 
35°, Re = 526) 
In order to fully understand the flow mechanism inside the oblique fin 
structure, the streamlines and velocity vectors inside the secondary channel of 
the same location (x = 11 mm, z = 30.15 mm to 39.15 mm) for secondary 
channel gap of 1 mm, 3 mm and 5 mm are displayed in Figure 5-9. The 
velocity vector profile shows that the oblique fin at the leading edge O1 splits 
the main channel velocity profile to one velocity vector in the main channel 
and another in the secondary channel. These splitting causes the initially thick 
boundary layer to be separated into two thinner ones on faces (O1 and M1) 
compared with the parabolic fully developed velocity profile in the 
conventional straight fin minichannel. This phenomenon improves heat 
transfer performance significantly. The repeating velocity profile reinitializes 
the hydrodynamic boundary layer development at every downstream oblique 
fin and ensures the boundary layers remain thin. This flow phenomenon agrees 
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well with the finding by Lee et al. [6]. In Figure 5-9, it shows that there are 
bigger recirculation zone at O2 for lsc = 3 mm compared with lsc = 1 mm, 
indicating that there is a larger adverse pressure gradient in this region. 
Another phenomenon to observe is that the recirculation zone is initially at the 
bottom corner of O2 at lsc = 1 mm. As lsc increases to 3 mm, the recirculation 
zone becomes bigger and moves to the top corner of O2. At lsc = 5 mm, the 
recirculation zone is pushed beyond the top corner of O2 into the main 
channel flow, resulting in the dissipation of the recirculation zone and a more 
uniform flow distribution. However, increasing the secondary channel gap 
also reduces the amount of heat transfer area and this reduces the heat transfer 
performance of the heat sink. Therefore, a suitable secondary channel gap is 
an important parameter that determines the flow distribution, the amount of 
heat transfer area, and subsequently heat transfer performance and pressure 
drop. 
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Figure 5-9 Streamline and velocity vector at location (x = 11 mm, z = 
30.15 mm to 39.15 mm) for (a) lsc = 1 mm, (b) lsc = 3 mm, (c) lsc = 5 mm 
(Re = 526, θ = 35°) 
5.3.3. Flow Distribution with changing Oblique Angle 
After examining the flow distribution of the secondary channel gap, the 
influence of varying the oblique angle of the minichannel was studied. All the 
parameters were kept the same as Section 5.3.2 except that the secondary 
channel gap lsc was set at a constant 2 mm and the oblique angle varied from 
20° to 45°.  
From Figure 5-10, at a smaller oblique angle 20°, there is almost no 
recirculation generated. However the secondary channel width is narrow and 
this result in less flow diverted into the secondary channel (percentage of 
secondary flow is 12.9% in Figure 5-11). When the oblique angle increases to 
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30°, a small recirculation region is formed at the top corner of surface O2 
which gradually dissipates in the secondary channel. This is due to a wider 
secondary channel which increases the momentum of the secondary flow and 
disrupts the recirculation region and boundary layer development. This effect 
increases the flow mixing and the percentage of secondary flow up to 17.5%, 
which enhances the heat transfer significantly. As the oblique angle increases 
to 45°, large recirculation regions are observed in the secondary flow channels, 
and the percentage of secondary flow decreases to 8% in Figure 5-11. These 
recirculation zones reduce the flow mixing, deteriorate the convective heat 
transfer and increase pressure drop penalty. This is because a higher oblique 
angle forces a greater change in the flow direction at the secondary channel 
and resulted in greater difficulty in diverting flow from the main channel to 
the secondary channel.  
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Figure 5-10 Flow streamlines in the full domain (lsc = 2 mm, Re = 526): y-z 
plane at x = 11 mm (a) θ = 20°: display of overall fin region; (b) θ = 30°:  
display of overall fin region; (c) θ = 45°: display of overall fin region 
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Figure 5-11 Percentage of secondary flow for oblique fin minichannel (lsc 
= 2 mm, Re = 526) 
Figure 5-12 shows the streamline and velocity vector inside the secondary 
channel on the same position (x = 11 mm, z = 30.15 mm to 39.15 mm) for 
oblique angles of 20°, 30° and 45°. From the velocity profile, it was found that 
the boundary layers expand on the face O2 and M2 when oblique angle 
increases. This is because the faces O1 and M1 receive the coming flow and 
thin the boundary layer, while the faces of O2 and M2 act as a ‘diffuser’ that 
thickens the boundary layer. This effect is more obvious in the structure of 
large oblique angles (30° < θ < 45°). A similar phenomenon was observed by 
Qi et al. [113] and Alharbi et al. [134] in their studies of louver fin and micro-
scale fractal-like branching channel networks. In Figure 5-12, it was observed 
that the amount of secondary flow which is diverted from the main channel to 
secondary channel is increased when the oblique angle increases from 20º to 
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30º. This is due to the increased secondary channel width that increases the 
mass flow rate in secondary channel and enhances flow mixing with the main 
channel. However, when oblique angle increases from 30º to 45º, the amount 
of secondary flow is reduced significantly due to the formation of a large 
recirculation zone on the face of O2. This recirculation results in incurring a 
high pressure drop penalty and poorer heat transfer capability. Therefore, an 
appropriate oblique angle is a critical parameter to provide a balance between 
heat transfer and pressure drop.  
 
Figure 5-12 Streamline and velocity vector at location (x = 11 mm, z = 
30.15 mm to 39.15 mm) for (a) θ = 20°, (b) θ = 30°, (c) θ = 45° (Re = 526, lsc 
= 2 mm) 
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5.3.4. Flow Distribution with changing Reynolds Number 
Figure 5-13 shows the streamlines and velocity vector under varying Reynolds 
number at locations (x = 11 mm, z = 30.15 mm to 39.15 mm) for the oblique 
fin minichannel (θ = 30°, lsc = 2 mm). When the Reynolds number is 200, the 
streamlines in both main channel and secondary channel are uniform and 
orderly. The percentage of secondary flow is shown as 15.3% in Figure 5-14. 
When the Reynolds number increases to 526, the streamlines near the trailing 
edge of fin face O2 and M2 become thinner and velocity profile shifts towards 
the fin surface M1 and O1. This results in a thinner boundary layer on faces 
(O1 and M1) and non-uniform flow distribution on faces (O2 and M2) since 
the recirculation zones become bigger. The main channel boundary layer 
keeps re-developing at each leading edge of oblique fin and secondary flow 
percentage also increase to 17% due to improved flow mixing. These effects 
enhance the heat transfer performance. When the Reynolds number increases 
further to 900, the ‘diffuser’ effect intensifies and a greater recirculation zone 
forms on faces O2 and M2 due to the effect of the adverse pressure gradient 
and viscous forces. This recirculation zone results in a very high shear stress 
on faces O2 and M2 and this incurs additional pressure drop since the flow 
energy in the recirculation region cannot be dissipated. The net mass flow 
region through the secondary channel reduces slightly (percentage of 
secondary flow decreased to 16.78% in Figure 5-14) and this produces 
unfavourable effect in flow mixing. As a result, it hinders the heat transfer and 
increases the pressure drop penalty. 
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Figure 5-13 Streamline and velocity vector at location (x = 11 mm, z = 
30.15 mm to 39.15 mm) for (a) Re = 200, (b) Re = 526, (c) Re = 900 ( θ = 
30°, lsc = 2 mm) 
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Figure 5-14 Percentage of secondary flow for oblique fin minichannel (θ = 
30°, lsc = 2 mm) 
 
5.3.5. The Effect of Oblique Angle 
 
(a) 
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Figure 5-15 Effect of oblique angle for different Reynolds number at lsc = 
1 mm: (a) average Nusselt number (b) apparent friction constant  
 
(a) 
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Figure 5-16 Effect of oblique angle for different Reynolds number at lsc = 
1.2 mm: (a) average Nusselt number (b) apparent friction constant 
 
(a) 
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Figure 5-17 Effect of oblique angle for different Reynolds number at lsc = 
1.5 mm:(a) average Nusselt number (b) apparent friction constant 
 
(a) 
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Figure 5-18 Effect of oblique angle for different Reynolds number at lsc = 
2 mm: (a) average Nusselt number (b) apparent friction constant  
 
(a) 
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Figure 5-19 Effect of oblique angle for different Reynolds number at lsc = 
3 mm: (a) average Nusselt number (b) apparent friction constant  
 
(a) 
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Figure 5-20 Effect of oblique angle for different Reynolds number at lsc = 
5 mm: (a) average Nusselt number (b) apparent friction constant  
The effects of oblique angle on convective heat transfer and flow friction with 
varying Reynolds number and secondary channel gap are shown in Figure 
5-15 to Figure 5-20. It was observed that both Nuave and fappRe increase with 
an increase of the Re and oblique angle θ in a general trend when lsc increases 
from 1 mm to 5 mm. Figure 5-15 shows that the increasing trend of Nuave 
decreases slightly when Re is more than 600, at lsc of 1 mm and the larger 
oblique angle (θ = 45°). When lsc increases from 1.2 mm to 2 mm, it is found 
that the increasing trend of Nuave and fappRe decrease largely when Reynolds 
number is more than 500. This phenomenon is due to the recirculation 
generated at a larger oblique angle θ and higher Reynolds number, which is 
illustrated in Sections 5.3.3 and 5.3.4. At lsc of 3 mm, both Nuave and fappRe 
increase with Re and oblique angle θ. The rationale behind this phenomenon is 
because the flow pattern has a tendency to change from main channel directed 
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to secondary channel directed and this result in an enhancement of heat 
transfer and a high pressure drop as explained in Section 5.3.2. When lsc 
increases to 5 mm, it was found that the increasing trend of Nuave decreases 
greatly when Re is more than 500 at large oblique angles (35° < θ < 45°), 
while fapp Re is very sensitive to increasing oblique angle θ and Reynolds 
number. The reason is that the recirculation generated at the larger oblique 
angle structure deteriorates convective heat transfer and increases pressure 
drop significantly in high Reynolds number region. This is consistent with the 
finding by Xie et al. [76] and DeJong and Jacobi [118]. They show that large 
recirculation zone decreases heat transfer of plain fin-and-tube heat 
exchangers, and the size of recirculation zone was observed to increase with 
louver angle and decreased heat transfer significantly of louvered-fin arrays.  
5.3.6. The Effect of  Secondary Channel Gap 
 
(a) 
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Figure 5-21 Effect of secondary channel gap for different Reynolds 
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Figure 5-22 Effect of secondary channel gap for different Reynolds 




                                                  Chapter 5 Parametric Investigation of Heat Transfer 





Figure 5-23 Effect of secondary channel gap for different Reynolds 
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Figure 5-24 Effect of secondary channel gap for different Reynolds 




                                                  Chapter 5 Parametric Investigation of Heat Transfer 





Figure 5-25 Effect of secondary channel gap for different Reynolds 
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Figure 5-26 Effect of secondary channel gap for different Reynolds 
number at θ = 45°: (a) average Nusselt number (b) apparent friction 
constant  
The effects of secondary channel gap lsc on convective heat transfer and flow 
friction for varying Reynolds number and oblique angles are shown from 
Figure 5-21 to Figure 5-26. For all the cases considered, it was found that both 
Nuave and fappRe increase with an increase of the Re and lsc. Beside this, both 
values of Nuave and fappRe at lsc of 1 mm are lower than those from 1.2 mm to 5 
mm. This is because most of the flow is confined in main-channel at lsc of 1 
mm and the secondary channel is less effective in flow mixing and the 
convective heat transfer performance decreases significantly. Figure 5-21 
shows that the increasing trend of Nuave decreases slightly at lsc of 5 mm when 
Re is more than 350 at oblique angle of 20°. This shows that the convective 
heat transfer deteriorates and it could be due to the reduced heat transfer area 
at larger secondary channel gap structure which was explained in Section 5.3.2. 
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When oblique angle increases from 26° to 35°, from Figure 5-22 to Figure 
5-24, it was found that both Nuave and fappRe increase as the secondary channel 
gap lsc increase. This is because the amount of secondary flow increases due to 
the increased secondary channel width as observed in Figure 5-8 and 
explained in Section 5.3.2. Thus the flow mixing between main channel and 
secondary channel improves greatly and the secondary channel becomes more 
effective in convective heat transfer performance with a corresponding 
increase of pressure drop. When oblique angle is increased from 40° to 45°, it 
was observed that the increasing trend of Nuave decreases greatly at lsc of 5 mm 
when Re is more than 500. This decrease could be due to the reduced heat 
transfer area at larger secondary channel gap structure and recirculation zone 
formed at high Reynolds number. Both phenomenon hinder heat transfer and 
increase the pressure drop substantially. 
5.4. Multiple Correlations 
5.4.1. Proposed Form of Correlations 
Utilizing similarity analysis and parametric computations in Sections 5.1 and 
5.3, the equations that correlate the various geometric parameters together to 
determine the heat transfer performance was formulated. In this manner, the 
heat transfer and apparent friction constant could be obtained accurately even 
when the parameters values are beyond those used in the parametric 
computations. For the cylindrical heat source, with the radius of 9 mm and 
length of 65 mm, numerous numerical simulations were done to optimize the 
oblique fin minichannel heat sink with wall thickness of 1 mm and 
minichannel aspect ratio of 1.05. Using these correlations, the geometric 
dimensions of the cylindrical oblique fin heat sink was optimized to obtain a 
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high heat transfer performance for a range of Reynolds number in which the 
heat sink was designed for.  
From the similarity analysis in Section 5.1, five main independent factors (β, 
lsc / lu, Dh/L, Re, Pr) that have significant influence on the heat transfer 
performance of the heat sink were identified. The laminar convective heat 
transfer and friction factor for the cylindrical oblique fin heat sink through 43 
different minichannels are correlated in the form of Eq. (5-30). For the present 
numerical studies, water was selected as the working fluid and Pr is assigned 
as constant (Pr = 7) for all the numerical cases. Thus the average Nusselt 
numbers and apparent friction constants are correlated in the following 

























For the proposed correlations of the heat transfer and apparent friction 
constant, there are four predictor variables namely β, lsc / lu, Dh/L, Re and two 
criterion variables namely Nuave and fapp Re. However the values of the ten 
coefficients C1 to C10 listed in Eqs. (5-40) and (5-41) are still unknown and 
have to be determined in order to obtain the correlations between the predictor 
variables and criterion variable. To do this, multiple regression technique was 
used. This technique is based on the least square theorem and the extreme 
value theorem to minimize the sum of the squared residuals [135]. It is an 
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efficient method in determining the relationship between several predictor 
variables and the criterion variable using previous numerical data. Xie et al. 
[76] also used the same methodology in obtaining the multiple correlations for 
the fin-and-tube heat exchangers.  
5.4.2. Correlations of Nuave and fappRe 
First, Eq. (5-40) was solved by encoding the program in OriginPro 8.5 using 
multiple regression technique based on the previous numerical data. After the 
procedure converged, the five coefficients were determined as follows: C1 = 
0.0198, C2 = 0.989, C3 = 1.243, C4 = -1.991 and C5 = 0.476. The COD 
(coefficient of determination) of R
2
 is 0.960. Therefore, the actual correlation 













(a)Average Nusselt number 
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(b) Apparent friction constant  
 
Figure 5-27 Comparison between predicted results and numerical data: 
the variable in the x-coordinate refers to the numerical data through CFD 
simulations, while the variable in the y-coordinate stands for the 
prediction through the multiple correlations.  
By using Eq. (5-42), the comparison between the predicted Nuave and original 
data (simulation) can be seen in Figure 5-27 (a). It was found that 81.2% of 
the data are within 10% deviation while 97.2% of the data are within 20% 
deviation. The average deviation for the 259 data is from -5.8% to 7.0%. This 
indicates that the correlation is fairly accurate in predicting the heat transfer 
performance for the cylindrical oblique fin minichannel heat sink.  
A similar approach was applied for Eq. (5-41). The five coefficients were 
determined as follows: C6 = 0.0503, C7 = 0.79, C8 = 0.847, C9 = -0.148 and 
C10 = 0.291. The COD of R
2
 = 0.978. The correlation of apparent friction 
constant is then written as: 
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app   
(5-43) 
In Figure 5-27 (b), the comparison between predicted fapp Re and numerical 
data was plotted. It is seen that 85% of the data are within 10% deviation 
while 98.6% of the data are within 20% deviation. The average deviation for 
the 259 data is from -5.1% to 7.1%. The deviation is low and this implies that 
the correlation is accurate in predicting the shear stress and momentum in the 
cylindrical oblique fin minichannel heat sink.  
The generalized average Nusselt number and apparent friction constant 
correlations are shown in Eq. (5-42) and Eq. (5-43). These equations are 
useful for optimizing and predicting the heat transfer performance and 
pumping power requirement of the oblique fin heat sink without the need of 
numerical simulation analysis or fabrication of the heat sink.  
5.5. Conclusions 
Investigations of heat transfer and friction characteristics in 3D oblique fin 
minichannel were performed. Both similarity analysis and parametric 
numerical studies were conducted to understand the importance of the various 
geometric dimensions of the heat sink and to evaluate the total heat transfer 
rate in the laminar flow region. 3D conjugated heat transfer simulations were 
carried out using CFD approach to determine the performance of the 
cylindrical oblique fin heat sink. 259 parametric studies were performed by 
varying the oblique angles from 20° to 45°, the secondary channel gap from 1 
mm to 5 mm and the Reynolds number from 200 to 900. 
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The present works initiatively explored the fundamental understanding of flow 
mechanisms in the oblique fin structure through similarity and numerical 
schemes. Key findings can be summarized as follows: 
 Similarity analysis of oblique fin structure was firstly performed by 
employing wedge flow scheme. Boundary layer analysis shows that the 
average Nusselt number is a function of five independent variables: β, 
lsc / lu, Dh/L, Reynolds number and Prandtl number. 
 The flow distribution as lsc increases was investigated. As lsc increases 
from 1 mm to 3 mm, the flow is main-channel directed and the 
recirculation zone in secondary channel increases along the flow 
direction. As lsc increases from 3 mm to 5 mm, the flow pattern 
becomes progressively secondary-channel directed and recirculation 
moves upwards from the oblique face O2 to M2 and disappears at the 
downstream by heat transfer area reduction.  
 The flow distribution as the oblique angle increases was also examined. 
The momentum of secondary flow is increased and the boundary layer 
is disrupted as the oblique angle is increased from 20° to 30°. However, 
the recirculation zone also increases correspondingly and deteriorates 
the convective heat transfer as the oblique angle is increased from 30° 
to 45°. 
 The flow distribution as Reynolds number increases was analyzed for 
the oblique fin minichannel (θ = 30°, lsc = 2 mm). The main channel 
boundary layer keeps re-developing at each leading edge of oblique fin 
and this enhances the heat transfer performance at Reynolds number of 
526. As Reynolds number increases to 900, the recirculation zone 
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intensifies, hindering the heat transfer and inducing a high pressure 
drop penalty. 
 The effect of oblique angle with varying secondary channel gap and 
Reynolds number was investigated. Generally both Nuave and fapp Re 
increase with an increase of the Reynolds number and oblique angle. 
However, the increasing trend of average Nusselt number decreases 
when Reynolds number is more than 500 at large oblique angles (35° < 
θ < 45°) due to recirculation generated at the larger oblique angle. 
 The effect of secondary channel gap with varying oblique angle and 
Reynolds number was investigated. Both Nuave and fapp Re increase 
with an increase of Reynolds number and secondary channel gap lsc. 
The increasing trend of average Nusselt number decreases greatly at lsc 
= 5 mm for large oblique angle structures. This is due to the reduced 
heat transfer area which deteriorates convective heat transfer.  
 Based on 259 numerical data points, multiple correlations for the 
average Nusselt number and apparent friction constants in term of 
appropriate dimensionless parameters were obtained. The average 
deviation of the 259 data for the approximation of average Nusselt 
number is from -5.8% to 7.0% while it is -5.1% to 7.1% for the 
apparent friction constant. These correlations successfully pave the 
way for optimization of the oblique fin heat sink without the need for 
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CHAPTER 6 INVESTIGATION ON THE INFLUENCE OF 
EDGE EFFECT ON FLOW AND TEMPERATURE 
UNIFORMITIES IN CYLINDRICAL OBLIQUE FIN 
MINICHANNEL HEAT SINKS  
It was shown in previous chapters that a cylindrical minichannel heat sink with 
oblique fins is an effective cooling technique with the enhanced flow mixing. 
However, it is desirable to understand how the edge effect influences the flow 
and temperature uniformity due to the generation of secondary flows in the 
mini channels. This chapter examines the edge effect for oblique fin structure 
on both planar and cylindrical heat sinks. The introduction of edge effect is 
firstly presented in Section 6.1. The procedures to establish the experimental 
setup and numerical simulation approaches are illustrated in Section 6.2. Flow 
and temperature distribution are quantified along both spanwise and 
streamwise directions of the heat sinks through numerical studies, while edge 
effect and temperate uniformity characteristics are investigated in Section 6.3. 
Lastly, key conclusions are discussed in Section 6.4. These results provide 
insights for designers interested in oblique finned heat sink or other similar 
designs. Furthermore, the results provide guidelines for researchers attempting 
to develop and simulate full-scale model experiments. 
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Figure 6-1 Schematic of a planar oblique fin microchannel (2D view) 
The phenomena being investigated in this chapter are the edge effects 
presented in the planar oblique fin microchannel design. In Figure 6-1, it is 
shown that due to the non symmetrical nature of the oblique channels, one side 
of the heat sink experiences draining of coolant along the edge while the 
opposite edge has more coolant flowing in and filling it. The edge that has 
draining tendency is now labelled as draining edge while the opposite edge 
that allows more water entering is the filling edge. There is a net flow 
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migration across the planar heat sink footprint. This is denoted as an edge 
effect in this study for clarity and it has a significant effect on heat transfer. 
Besides, edge effects due to flow mal-distribution may induce non-uniform 
temperature distributions along the heat sink footprint (quantitative analysis in 
Section 6.3.2). If it was used to cool an electrical component, the non-uniform 
temperature distribution might cause uneven thermal expansion of the device 
and could damage its electrical properties [14]. A similar phenomenon of 
bounding wall effects on flow and heat transfer in louvered-fin arrays were 
investigated by DeJong and Jacobi [118]. They found that the flow 
characteristics near walls have competing effects on heat transfer and have a 
profound effect on fluid flow in louvered-fin arrays. Lee et al. [6] employed 
sectional oblique fins to improve the flow mixing and enhance heat transfer 
performance on planar heat sink surface. It was reported that there was a slight 
deviation between numerical simulation and experimental results and it is 
attributed to the different flow behaviours between the side edge and the 
middle regions of the heat sink. 
Therefore, this work is to scrutinize the edge effect on flow and temperature 
uniformity in minichannel heat sinks. Experimental studies were performed to 
quantify the temperature uniformity characteristic and local temperature 
distribution on both planar and cylindrical oblique fin heat sinks. Moreover, 
numerical simulation models based on the real test pieces were adopted to 
provide an improved understanding of the influence of edge effects on flow 
field and temperature distribution uniformity.  
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6.2.1. Experimental Setup and Procedures  
Details of experimental setup, test section, test procedure, heat loss calculation 
and uncertainty calculation are described in Chapter 4. Besides, in order to 
improve the testing accuracy, a water bath instead of reservoir is used for 
adjusting and storage of the de-ionized water with a constant inlet temperature 




    (b)                                       (c) 
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Figure 6-2 Detailed view of the test section (a) 3D assembly view (to scale) 
(b) 2D side view (to scale) (c) section B-B view (to scale) 
The test section consists of four parts namely the housing, the cover, the top 
adaptor and the copper block minichannel heat sink shown in Figure 6-2. The 
housings were made of Teflon and comprise of the top housing, the bottom 
housing and the main housing. The top housing holds the top adaptor, top 
cover and minichannel heat sink. It has two O–ring slots, one within the top 
plate and the other at the top housing to prevent leakage. Independent pressure 
and temperature taps were machined at the top and bottom housing for 
measuring the fluid properties before and after flowing through the heat sink. 
The bottom housing holds the bottom cover and minichannel heat sink as well 
as provides uniform flow to the inlet channels. The 3D test section assembly 
view can be found in Figure 6-2 (a).  
 
 
Figure 6-3 (a) Blockaded test piece configuration (b) Cross section view 
and thermocouple locations on blockaded test piece 
The cylindrical minichannel heat sink was made from copper in which the 
minichannels with oblique fins were machined using Computer Numerical 
Control (CNC) Machining process. The cylindrical heat sink without "edge 
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effect" is the regular cylindrical oblique fin minichannel heat sink. The 
cylindrical heat sink with "edge effect" was formed by blockading 7 straight 
channels with an insulation material (modeling clay). Figure 6-3 (a) shows the 
configuration of blockaded cylindrical oblique fin heat sink. The blockade of 
the channel was to induce the "edge effect" by not allowing fluid to interact 
circumferentially. In Figure 6-3 (b), 7 holes were drilled around the 
circumference of the heat sink for inserting the thermocouples to measure the 
heat sink’s span wise temperature distribution. First, these 7 holes were drilled 
4.5 mm below the channel surface, as 26 mm below the outlet plenum. After 
measuring the spanwise temperature distribution for both configurations, they 
were drilled further to 39 mm below the outlet plenum and measurements 
were taken again using the T type thermocouple. The oblique fin angle points 
out from location 1. This indicates that this is the draining edge while location 
7 is the filling edge.  
Experimental and numerical investigations were performed on both blockaded 
and un-blockaded cylindrical minichannel heat sinks with oblique fins. The 
detailed geometry dimensions for both configurations can be found in Table 
4-1. 
After the test section is assembled, the gear pump is switch on and the desired 
flow rate within the flow loop is set using the gear pump and ball valve. When 
the flow rate and inlet fluid temperature (water bath temperature) are 
stabilized as 21 °C, the power supply to the heaters is set to the desired value. 
Steady state is reached after about 30–50 minutes in each test run when all 
temperature readings are within ±0.1 °C for about 2 minutes. Steady state 
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readings from the thermocouple, differential pressure transmitters and flow 
rate are recorded by data acquisition card from National Instrument throughout 
the experiment. All power, temperature, pressure and flow rate measurements 
are averaged over a 2 minutes period. The flow rate was then increased for the 
next test run, and the experimental procedure was repeated. Experiments were 
conducted at flow rates of 100 ml/min, 500 ml/min and 800 ml/min and heat 
input was 100 W, 200 W and 300 W. 
6.2.2. Numerical Simulation Approach 
The commercial CFD software ANSYS–CFX is used in this work to solve the 
Navier–Stokes equations using a fully conservative, element-based finite 
volume method. To ensure robustness, CFX provides flexibility in choosing 
discretization schemes for each governing equation. The descretized 
equations, along with the initial condition and boundary conditions, were 
solved using the coupled method. Using the coupled solver, the hydrodynamic 
equations are solved as a single system. Pressure–velocity coupling is 
enforced with a non stagger grid and the fourth–order–accurate algorithm of 
Rhie and Chow [136]. 
In the present study, steady Reynolds Averaged Navier–Stokes (RANS) 
equations for turbulent incompressible fluid flow with constant properties are 
used. The governing flow field equations are the continuity and the RANS 






























 ...3,2,1j   (6-2) 
                               Chapter 6 Investigation on the Influence of Edge Effect on Flow 
and Temperature Uniformities in Cylindrical Oblique fin Minichannel Heat Sinks_ 
150 
 


















 , and 
ijjiuu 
'' is Reynolds stress tensor while ui
’
 represents the velocity fluctuation 
in i-direction. These terms arise from the nonlinear convection in the un-
averaged equation and they reflect the fact that convective transport due to 
turbulent velocity fluctuations will act to enhance mixing over and above that 
caused by thermal fluctuations at the molecular level. 
The Shear–Stress Transport k – ω model (SST) is employed to predict the flow 





































































where F1 is a blending function, and it is designed to be one in the near wall 
region which activates the standard k – ω model, and zero away from the wall, 
which activates the transformed k – ε model. The model also includes a slight 
amendment to the eddy viscosity for a better prediction of the turbulent shear 
stress. More details of the SST model can be found in Sparrow et al. [137], 
Menter [138] and Lee et al. [139]. It could give a highly accurate prediction of 
the onset and the amount of flow separation under adverse pressure gradients 
by the inclusion of transport effects into the formulation of the eddy-viscosity. 
The superior performance of this model has been demonstrated in a large 
number of validation studies (Bardina et al. [140]). 
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Figure 6-4 Computation domain (a) blockaded cylindrical heat sink (b) 
un-blockaded cylindrical heat sink 
In order to be consistent with the experimental setup, a 15 mm entrance length 
(upstream of the heat sink inlet) and a 50 mm long extension (downstream of 
the heat sink outlet) are used in the numerical model, shown in Figure 6-4 (a). 
Figure 6–4(b) shows the four different stream wise locations: 2mm, 26mm, 
39mm and 62mm, to evaluate the local fluid flow and heat transfer 
performance in the subsequent sections. The entire computational domain was 
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meshed with max edge size of 4.0 mm and a total number of 9,752,366 cells 
were generated. Different grids have been tested, with different max sizes and 
different first layer thicknesses. Simulations with different grids show 
satisfactory grid independence for the results obtained with this mesh. The 
present procedure of grid independence study is similar to the study by the 
present authors in [132]. The resultant average Nusselt numbers from different 
meshes used were in close proximity to each other. The resultant average 
Nusselt numbers from different meshes used were in close proximity to each 
other. For instance, Nuave of 26.13, 23.3, 21.58 and 21.12 were obtained with 
the mesh counts of 9,752,366; 15,668,425; 23,486,193 and 32,759,652 cells 
respectively for the case of cylindrical oblique fin minichannel. The variations 
in Nuave were 10.8% from the roughest to the rough mesh, and 7.4% from the 
rough to the finer grid while 0.67% from the finer to the finest grid. Therefore, 
the intermediate grid (23,486,193 cells) was selected in order to preserve both 
accuracy and cost. 
Boundary conditions for the numerical simulation include the no–slip and 
impermeability conditions on all solid boundaries. The inlet temperature of the 
coolant (liquid–water in this case) was set as 21 °C. A uniform velocity profile 
was applied at the inlet and pressure outlet condition was prescribed at the 
outlet. In the 3D conjugate simulation, the substrate material is copper. In 
order to match with the real condition, the substrate thickness in the model is 
the distance from channel bottom wall to thermocouple location in the test 
piece. Since copper has relatively high thermal conductivity, heat flux in the 
substrate can be approximated as uniform [132]. The top surface of the copper 
microchannel was assumed to be bonded with an adiabatic material. A residual 
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of 1 × 10
-6
 is set as the convergence criteria (Root Mean Square) based on the 
variations of the scaled residuals of the governing equation for each 
simulation.  
6.3. Results and Discussion 
For the planar oblique fin structure, edge effects have profound effect on heat 
transfer and can cause hotspots near the corners of the heat sink. Both 
experimental and numerical studies were conducted based on the blockaded 
test piece (similar structure as planar oblique fin test piece) and un-blockaded 
test piece (regular cylindrical oblique fin structure). The volumetric flow rates 
are set as 100 ml/min, 500 ml/min and 800 ml/min and heat input was set as 
100 W, 200 W and 300 W. 
6.3.1. Validation of Numerical Simulations 
 
Figure 6-5 Local wall temperature comparison for cylindrical oblique fin 
minichannel heat sink  
                               Chapter 6 Investigation on the Influence of Edge Effect on Flow 
and Temperature Uniformities in Cylindrical Oblique fin Minichannel Heat Sinks_ 
154 
 
Figure 6-5 shows the wall temperature comparisons for cylindrical oblique fin 
minichannel with different simulation models and experimental studies when 
the flow rate is 400 ml/min (Re = 216) and heat input is 170 W. The 
continuous solid line is obtained from full domain simulation with SST model 
using CFX. The continuous dot line is obtained from simplified model 
simulation with laminar model using Fluent (in Chapter 4) while the dots are 
obtained from experimental measurement for cylindrical oblique fin 
minichannel testing. It is found that the maximum temperature deviation 
between experimental and numerical results is less than 6% under all 
conditions. The numerical results obtained from SST model for full domain 
study almost match those obtained from Fluent using laminar model in the 
simplified study since the maximum temperature deviation is only 1.2%. This 
indicates that the numerical simulation studies with both SST model and 
laminar model are validated by the experiments.  
6.3.2. Flow Distribution Study 
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Figure 6-6 Flow distribution of the blockaded cylindrical heat sink (a) 
velocity contour for flow field domain (b) Main channel mass flow rate for 
draining edge and filling edge (c) main channel mass flow rate (d) 
secondary channel mass flow rate  
Due to the nature of oblique structure, edge effects exist in the planar oblique 
fin heat sink. This is demonstrated by blocking 7 channels of the cylindrical 
oblique fin heat sink to form the blockaded cylindrical heat sink. Figure 6-6 (a) 
shows the full domain velocity profile of the minichannel when the flow rate 
is 800 ml/min at a total heat input of 300 W. It can be seen that non-uniform 
flow distribution area is found in the blockaded heat sink. At the inlet region 
of the heat sink, large amount of flow is re-distributed and this results in 
higher mass flow through the draining corner 1 and lower mass flow through 
the filling corner 1. Figure 6-6 (b) shows that the main channel mass flow rate 
of draining edge is progressively decreasing from 0.0006 to 0.00027 kg/s 
along the streamwise location. Conversely, due to the combined effect of 
oblique fin nature and flow expansion at outlet region, there is more flow 
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accumulated at the filling corner 2 rather than that at filling corner 1.In Figure 
6-6 (b), the main channel mass flow rate is increasing from 0.00024 to 0.0006 
kg/s along the streamwise direction. This results in the non-uniform velocity 
profile development and compromise heat transfer performance.  
In order to quantify the flow distribution inside the blockaded cylindrical heat 
sink, the mass flow rate in main channel and secondary channel are calculated 
respectively. Figure 6-6 (c) and (d) show the fluid flow distribution in the main 
and secondary channels for blockaded cylindrical heat sink. From Figure 6-6 
(c), it can be seen that there are 3 different flow regions in the full fluid 
domain study, namely the draining region (1 < n < 6), middle region (6 < n < 
24) and filling region (24 < n < 30), while n is denoted as the channel number 
starting from draining edge. In the draining region (1 < n < 6), the main 
channel mass flow rate in the upstream (2 and 26 mm) is decreasing and that 
in the downstream (39 and 62 mm ) it is increasing to a stable main flow rate 
of 0.00043 kg/s. Even though secondary mass flow rate increases to a stable 
flow rate of 0.00013 kg/s, the flow mixing is very poor because the maximum 
secondary mass flow is only 23.2% of the total channel flow. Thus hotspots 
appear in this region and become more severe along the streamwise direction. 
Interestingly, a stable main channel mass flow and stable secondary mass flow 
are found in the middle region in both spanwise and streamwise location (6 < 
n < 24). The main channel flow in spanwise location (upstream) shows a 
decreasing trend and this is due to the flow re-distribution caused by the inlet 
flow section area contraction, while the secondary channel flow is increasing 
slightly in the streamwise direction which can be attributed as the entrance 
effect in [141]. These phenomena show that both main and secondary channel 
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flows are distributed uniformly. Thus the flow regimes in the middle region 
are not influenced by the edge effects. Both main and secondary channel mass 
flow rates in the filling region (24 < n < 30) are much lower than the middle 
region except for a large amount of flow mixing at the outlet region due to the 
flow outlet section area expansion. The fluid flow distribution shows the flow 
mixing in the filling region is poor except for the filling corner 2. Therefore, it 
can be seen that edge effects exist along the spanwise location and it may 
cause hotspots and compromise heat transfer.  
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Figure 6-7 Flow distribution of the un-blockaded cylindrical heat sink (a) 
velocity contour for flow field domain (b) main channel mass flow rate (c) 
secondary channel mass flow rate  
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Interestingly, the flow distribution for un-blockaded heat sink in Figure 6-7 (a) 
is rather uniform along the spanwise location compared to blockaded heat sink 
in Figure 6-6 (a). This phenomenon shows a uniform flow development 
throughout the full domain un-blockaded cylindrical minichannel heat sink. In 
the regular cylindrical oblique fin structure, flow mixing is improved between 
main channel flow and secondary channel flow due to the periodic oblique fin 
structure. Figure 6-7 (b) and (c) show the fluid flow distribution in the main 
and secondary channel for un-blockaded cylindrical heat sink. It is found that 
the magnitude of main channel mass flow rate is almost constant (0.000346 
kg/s) at various spanwise and streamwise location. There is slight increase at 
the exit and it is because the main channel mass flow rate at exit is the 
combination of the secondary and main channel flow. In Figure 6-7 (c), the 
magnitude of secondary flow in the entrance region is slightly lower than the 
rest of the flow region. One possible explanation for this is that the majority of 
the flow goes through the main channel and transverse momentum through the 
secondary channel is very limited in the entrance region. The averaged mass 
flow rate in the secondary channel is 0.098 g/s, which is around 22% of the 
total channel flow. Therefore, it can be concluded that the flow fields for both 
main and secondary channels are distributed uniformly in the spanwise 
location in fluid domain. The flow mixing is enhanced and this could result in 
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6.3.3. Fluid Temperature Profile 
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Figure 6-8 Temperature contour of fluid domain for minichannel heat 
sink (a) Blockaded (b) Un-Blockaded (c) Local fluid temperature 
comparison at outlet region 
Due to the significant flow field difference, large fluid temperature distinction 
is found between the blockaded and un-blockaded heat sink in the fluid 
domain temperature contour in Figure 6-8 (a) and (b). It can be observed that 
the fluid temperature is relatively uniform at the inlet region. One possible 
explanation is that the convective heat transfer is more significant at the 
entrance region and such phenomenon leads to a uniform and lower 
temperature at inlet region. However, the local fluid temperature profile is non 
uniform at the outlet region which is due to flow field distribution as explained 
previously. Figure 6-8 (c) shows the temperature contour and distribution 
(mass-weighted average) for channel fluid at the exit location of the heat sinks 
in the radial direction. It is found that the local fluid temperature for blockaded 
minichannel at exit region exhibits a concave shaped, and that for un-
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blockaded heat sink shows a uniform profile. The maximum temperature 
gradient for blockaded heat sink is 2 K due to the edge effect. Furthermore, it 
is observed that a portion of the main flow is diverted into the secondary 
channel due to the presence of the oblique cuts on the solid fins. This 
secondary flow, which carries the momentum driven by pressure difference, 
injects into the adjacent main channel that disrupts the boundary layer and 
accelerates the heat transfer into the core fluid. This results in the fluid mixing 
and superior heat transfer performance which leads to lower surface 
temperature. 
6.3.4. Edge Effect and Temperature Uniformity Characteristic  
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Figure 6-9 Local spanwise temperature distribution for (a) blockaded 
heat sink (b) un-blockaded heat sink at different streamwise location 
when heat input is 300 W and volumetric flow rate is 800 ml/min 
(Experimental and Simulation) 
The local spanwise temperature distribution at streamwise locations 26 mm 
and 39 mm for blockaded and un-blockaded test piece are presented in Figure 
6-9. The solid line in Figure 6-9 represents the numerical result of local wall 
temperature at heat input P of 300 W and volumetric flow rate Q of 800 
ml/min, while the dot symbols plotted in these figures are the experimental 
data. It is observed that the general trend of numerical results matches well 
with the experimental results. In Figure 6-9 (a), at streamwise location 26 mm, 
the deviation between experimental data and numerical data is from 1.1% to 
2.7%, while it is from 0.9% to 3.8% for streamwise location 39 mm. It is 
observed that temperature in the spanwise location 1 and 2 is higher than the 
middle region. The reason behind this phenomenon is the poor flow mixing 
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caused by lower secondary mass flow rate, which is explained in Section 6.3.2. 
For locations 6 and 7, local temperature is higher than the middle region which 
is because of the combined effect of lower regional secondary mass flow rate 
and slightly decreased main channel mass flow rate. Interestingly, lower 
magnitude of local temperature in middle region shows uniformly flow mixing 
between main channel and secondary channel and is not influenced by edge 
effects. For un-blockaded heat sink, it is observed that the general trend of 
numerical results agrees well with the experimental results in Figure 6-9 (b). 
The temperatures for both streamwise locations are uniformly distributed. At 
streamwise location 26 mm, the deviation between experimental data and 
numerical data is from 0.2% to 2%, while it is from 2.4% to 3.7% for 
streamwise location 39 mm. Thus, it is proven conclusively that cylindrical 
oblique fin heat sink can achieve a uniform flow distribution and flow mixing 
due to an absence of edge effect.  
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Figure 6-10 Local spanwise temperature distribution at streamwise 
location 26 mm from inlet location (a) P = 100 W (b) P = 200 W (c) P = 
300 W 
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Figure 6-11 Local spanwise temperature distribution at streamwise 
location 39 mm from inlet location (a) P = 100 W (b) P = 200 W (c) P = 
300 W 
Figure 6-10 and Figure 6-11 display the local spanwise temperature 
distribution at 2 streamwise locations (26 and 39 mm) when the total heat 
input increases from 100 W to 300 W. Due to the existence of edge effects on 
the blockaded heat sink, flow field is distributed non-uniformly and this results 
in hotspot regions on the surface of the heat sink. To express this trend clearly, 
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a quadratic polynomial curve was employed to fit the experimental data. The 
solid trend line represents the local temperature distribution of un-blockaded 
heat sink, while the dashed trend line plotted in these figures are the 
experimental data for blockaded heat sink. The local temperature distribution 
trend lines for the blockaded test section are shown to be concave shaped and 
the lowest temperature region is at the middle region of test section. This can 
be explained by the flow field study in Section 6.3.2. Nevertheless, the 
temperature fitting curves for un-blockaded oblique fin heat sink is almost flat 
and the deviation is reduced when the flow rate increases to 800 ml/min.  
These experimental results indicate different temperature distribution 
uniformity at various volumetric flow rates for blockaded and un-blockaded 
heat sinks. To quantify the temperature distribution uniformity, Tmax ‒ Tmin, is 
calculated and compared based on the experimental measurements. Tmax and 
Tmin are the maximum and minimum temperatures on the surface of the test 
locations respectively that depends on the location of thermocouples. A 
smaller value of Tmax ‒ Tmin means better uniformity of surface temperature 
distribution. According to the graphs of Tmax ‒ Tmin in Figure 6-10 and Figure 
6-11, the average temperature uniformity of un-blockaded heat sink is always 
better than that of blockaded heat sink. For the blockaded heat sink, the 
highest value of Tmax ‒ Tmin could reach to 2.94 °C due to the edge effect while 
it is only 1.44 °C for the un-blockaded heat sink. In addition, almost all the 
values of Tmax ‒ Tmin for the un-blockaded heat sink are within the error bar at 
various flow rate compared to blockaded heat sink. This indicates that the 
surface temperature distribution for un-blockaded heat sink is more uniform 
than that for the blockaded heat sink. One possible explanation for this is that 
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the flow mixing between the main channel and secondary channel improves 
and enhances the convection heat transfer performance. Therefore, the 
cylindrical oblique fin heat sink is an effective cooling method that maintains 
a uniform surface temperature distribution due to the absence of edge effect.  
6.4. Conclusions 
The influences of edge effect on flow and temperature uniformity were 
investigated for the oblique-finned structures on both planar and cylindrical 
heat source surfaces through numerical and experimental studies. The test 
pieces were fabricated from copper, and measurements on the heat sinks were 
performed for volumetric flow rates of 100 ml/min, 500 ml/min and 800 
ml/min and heat inputs of 100 W, 200 W and 300 W. The method of 
numerical simulation using CFD approach was employed to provide definitive 
information about flow field distribution and flow mixing between the main 
channel and the secondary channel. Edge effects and temperature uniformity 
characteristics were analyzed and quantified for both spanwise and streamwise 
directions of the heat sinks based on numerical and experimental studies. The 
following key conclusions can be drawn from numerous experimental and 
numerical studies:  
 Numerical simulation studies with both SST model and laminar model 
were validated by the experimental results since the maximum 
temperature deviation between experimental and numerical results is 
less than 6% under all conditions. The numerical results obtained from 
SST model for full domain study almost match those obtained from 
Fluent with laminar model in the simplified study since the maximum 
temperature deviation is only 1.2%. 
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 Edge effect, which is present in the planar oblique fin configuration, 
can cause the formation of localized hotspots due to the non-uniform 
flow distribution throughout the full domain minichannel heat sink. On 
the contrary, the cylindrical oblique fin can periodically induce the 
hydrodynamic boundary layer development to reinitialize in both 
spanwise and streamwise directions. This results in better fluid mixing 
and superior heat transfer performance which leads to lower surface 
temperature. 
 The flow field study shows that poor flow mixing exists in the draining 
and filling regions, while the flow regime in the middle region is not 
influenced by the edge effects for the blockaded cylindrical oblique fin 
heat sink. The flow fields for both main and secondary channels are 
distributed uniformly in the spanwise location for regular cylindrical 
oblique fin heat sink. 
 Edge effect and temperature uniformity characteristics were 
investigated. The local temperature distribution trend lines for 
blockaded cylindrical oblique fin heat sink are shown to be uniquely 
concave shaped due to the edge effect. However, a more uniform and 
lower surface temperature distribution for regular cylindrical oblique 
fin heat sink is observed as a result of the improved flow mixing 
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CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS 
FOR FUTURE WORK 
A novel cylindrical oblique fin minichannel heat sink was proposed to fit over 
cylindrical heat sources in the form of an enveloping jacket. Its heat transfer, 
flow field and pressure drop characteristics were compared with the 
conventional straight fin minichannel heat sink through numerical simulation 
studies and experimental investigations. Both similarity analysis and 
parametric numerical studies were performed to evaluate the cylindrical 
oblique-finned minichannel heat sink for good overall heat transfer 
performance in the laminar flow region. In addition, the influences of the edge 
effect were examined through systematic numerical and experimental studies. 
Key accomplishments of the present study and recommendations for future 
work are summarized below. 
7.1. Numerical Study 
(1) The boundary layer thickness is reinitialized and redeveloped from the 
velocity and temperature profile analysis for the cylindrical oblique fin 
minichannel. Better fluid mixing and superior heat transfer 
performances are achieved by the secondary flow generation.  
(2) A flow recirculation zone forms at larger Reynolds number in the 
secondary channel. However, this recirculation is insignificant in the 
low Reynolds number study.  
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(3) Both hydrodynamic entrance length Lh and thermal entrance length Lt 
in cylindrical oblique fin minichannel were found much shorter 
compared to conventional straight fin.  
(4) The local Nusselt number for the cylindrical minichannel with oblique 
fins nearly reaches constant value of 11.8 along the downstream 
direction, which is almost 90% enhancement compared with 
conventional minichannel. Surface O1 and M1 were found as the most 
effective heat transfer surface while BO2 is the most ineffective heat 
transfer surface. In addition, it was found that one of the most desirable 
traits of this novel cylindrical oblique fin minichannel is the slightly 
lower pressure drop penalty compared with conventional straight fin 
minichannel.  
7.2. Experimental Investigation 
(1) Numerical simulation studies were validated by the experimental 
prototype tests. The average Nusselt number for the cylindrical oblique 
fin minichannel heat sink increases up to 75.6%, and the total thermal 
resistance reduces up to 59.1% in comparison with the conventional 
straight fin heat sink within the range tested. 
(2) For a heat flux of 6.1 W/cm2 and Reynolds number of 310, local wall 
temperature distribution shows that the surface temperature of 
cylindrical heat sink is reduced by 4.3 °C overall.  
(3) Pressure drop analysis shows that the cylindrical oblique fin heat sink 
maintains a comparable pumping power compared with the 
conventional heat sink. Furthermore, heat transfer enhancement (ENu) 
and pressure drop penalty (Ef) show that significant advantages of the 
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cylindrical oblique fin minichannel over the conventional straight fin 
minichannel. 
7.3. Similarity Analysis and Parametric Study 
(1) Boundary layer analysis shows that the average Nusselt number is a 
function of five independent variables: β, lsc/lu, Dh/L, Reynolds number 
and Prandtl number. 
(2) The flow distribution as lsc increases was investigated. As lsc increases 
from 1 mm to 3 mm, the flow is main-channel directed. As lsc increases 
from 3 mm to 5 mm, the flow pattern becomes progressively 
secondary-channel directed and recirculation moves upwards from the 
oblique face O2 to M2 and disappears at the downstream by heat 
transfer area reduction.  
(3) The flow distribution as the oblique angle increases was also examined. 
The momentum of secondary flow is increased and the boundary layer 
is disrupted as the oblique angle is increased from 20° to 30°. However, 
the recirculation zone also increases correspondingly and deteriorates 
the convective heat transfer as oblique angle is increased from 30° to 
45°. 
(4) The flow distribution as Reynolds number increases was analyzed for 
the oblique fin minichannel (θ = 30°, lsc = 2 mm). The boundary layer 
keeps re-developing at each leading edge of oblique fin and this 
enhances the heat transfer performance at Reynolds number of 526. As 
Reynolds number increases to 900, the recirculation zone intensifies, 
hindering the heat transfer and inducing a high pressure drop penalty. 
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(5)  The increasing trend of average Nusselt number decreases when 
Reynolds number is more than 500 at large oblique angles (35° < θ < 
45°) due to recirculation generated at the larger oblique angle, and the 
increasing trend of average Nusselt number also decreases greatly at lsc 
of 5 mm for large oblique angle structures due to reduced heat transfer 
area which deteriorates convective heat transfer. 
(6)  Based on 259 numerical data points, multiple correlations for the 
average Nusselt number and apparent friction constants in terms of 
appropriate dimensionless parameters were obtained. These 
correlations successfully pave the way for optimization of the oblique 
fin heat sink without the need for numerical simulation analysis or 
fabrication of the heat sink. 
7.4. Edge Effect Investigation  
(1) Numerical simulation studies for full domain cylindrical oblique fin 
heat sink were validated by the experimental tests. Edge effect can 
cause the formation of localized hotspots due to the non-uniform flow 
distribution in the planar oblique fin configuration. On the contrary, the 
cylindrical oblique fin can periodically induce the hydrodynamic 
boundary layer development to reinitialize in both spanwise and 
streamwise directions. This could result in better fluid mixing and 
superior heat transfer performance.  
(2) The flow field study shows that poor flow mixing exists in the draining 
and filling regions, while the flow regime in the middle region is not 
influenced by the edge effects for the blockaded cylindrical oblique fin 
heat sink. The flow fields for both main and secondary channels are 
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distributed uniformly in the spanwise location for regular cylindrical 
oblique fin heat sink. 
(3) The local temperature distribution trend lines for blockaded cylindrical 
oblique fin heat sink are shown to be uniquely concave shaped due to 
the edge effect. However, a more uniform and lower surface 
temperature distribution for regular cylindrical oblique fin heat sink is 
observed as a result of the improved flow mixing without any edge 
effect. 
7.5. Recommendations for Future Work  
Encouraged by the achievements of present numerical and experimental 
investigations, the major extended works for future research are recommended 
and outlined as follows: 
(1) Critical Reynolds numbers could be identified for cylindrical oblique 
fin structure. The numerical analysis with appropriate viscous models 
could be used and validated by numerous experimental measurements. 
At a higher Reynolds number region, various flow mechanisms such as 
chaotic eddies, flow instabilities, channel surface roughness may be 
detected.  
(2) In order to get an improved physical insight into fluid flow and friction 
characteristics for the present heat sink, flow visualization studies 
could be performed using dye injection method or micro PIV (particle 
image velocimetry). With the results, recirculation zone, flow mixing 
enhancement, secondary flow percentage and the edge effect could be 
quantified and validated with the numerical studies and experimental 
measurements.  
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(3) Experimental validation could be conducted for cylindrical oblique fin 
minichannel heat sink when the heat input is more than 300 W and 
Reynolds number is beyond 500. In addition, to achieve a better 
observation of the edge effect, low thermal conductivity material can 
be used to fabricate the heat sink; planar oblique-finned heat sink with 
the same dimensions of cylindrical one could be fabricated and tested 
using high-speed photography and infrared camera.  
(4) The present work focuses on single-phase liquid cooling and the 
coolant is only water. In order to develop a more complete 
understanding of cylindrical oblique-finned heat sink, heat transfer and 
pressure drop data for different fluids and substrate materials should be 
generated. Air cooling, flow boiling and two-phase flow in oblique fin 
minichannel could also be investigated further. 
(5) Based on the proposed correlations for cylindrical oblique fin heat 
sink, a new Non-Dominated Sorting Genetic Algorithm (NSGA-II) 
with a balanced operator could be used as an optimization tool for 
oblique fin structures. In terms of factors in different applications, 
MATLAB code could be compiled based on mathematical theory to 
find optimal solutions with the balanced operator using NSGA-II. 
Using this algorithm, various optimized oblique fin designs can be 
obtained. Experiments can be carried out based on the optimized 
geometries under different mass flow rates to verify the algorithm.  
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APPENDIX A: UNCERTAINTY ANALYSIS FOR 
EXPERIMENTAL DATA 
Measurement uncertainties can be divided into two components: systematic 
uncertainty and random uncertainty. Systematic uncertainties are biases in 
measurement which lead to the situation where the mean of many separate 
measurements differs significantly from the actual value of the measured 
attribute. Random uncertainties show up as different results for ostensibly the 
same repeated measurement. They can be estimated by comparing multiple 
measurements, and reduced by averaging multiple measurements. Therefore, 
uncertainty analyses are conducted based on the principles proposed by Taylor 
[142] in the present study. The quantities used in data reduction and their 
associated uncertainty analyses are listed below: 
Systematic uncertainty  
Suppose that x, .., z are measured with uncertainties δx, ..., δz, and the 
measured values used to compute the function q(x, …, z). If the uncertainties 
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 ...     (A-2) 
The quantities used for the calculation of the single-phase Nusselt number and 
their associated systematic uncertainties are listed below: 
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Sensible heat gain by coolant: 









































Convective heat transfer area: 














 = 0.44% 
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where avewT , =40 °C 




,,, )()()( avefavewavefavew TTTT   =0.61°C 




















































 = [14.74%, 15.56%] 
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ec PP   = [6.55E-06, 4.82E-06] Pa 
Pressure drop: 
ecch PPPP      (A-17) 











































 = [2.43%, 22.38%] 
Random uncertainty  
The statistical methods described in the followings give a reliable estimate of 
the random uncertainty, providing a well-defined procedure for reducing them. 
Generally, suppose we make N measurements of the quantity x (all using the 
same equipment and procedures), and find the N values Nxxx ,...,, 21 . The best 
estimate for x is usually the average of Nxxx ,...,, 21 . That is, 







iN  ...21  
The standard deviation of the measurements Nxxx ,...,, 21  is an estimate of 
average uncertainty of the measurements Nxxx ,...,, 21  and can be obtained by 
                                                                                                   















      (A-20) 
Therefore, the uncertainty of x can be given by the standard deviation σx 
divided by N . This quantity is called the standard deviation of the mean, 
and is denoted 
x
  (other common names for this are standard error and 





        (A-21) 
Equation (A-21) indicates that the uncertainty of quantity x due to data 
reduction results mainly from the use of finite data in calculating a statistical 
mean. This type of uncertainty depends on the reduction scheme. To minimize 
the reduction uncertainty, data with 100-cycle length was collected for the 
present experiments. Therefore, the uncertainty of the measured quantities can 
be reduced. For the velocity, pressure drop and temperature value are the 
standard deviation of the value obtained by cycle-averaging.  
Combining systematic and random uncertainties  
Recently, there has been a move by research journals and standards 
organizations to require use of empirical rules for combining systematic and 
random uncertainties to give a single total uncertainty. Since we now have 
estimated both the systematic and random components of  , our only problem 
is to combine them to give 
T  itself. While no rigorous confidence level can 
be associated with the total uncertainty, 
T , coverage analogous to the 95 
percent confidence level can be given for the recommended total uncertainty 
models. Thus  
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22 )()( RST         (A-22) 
where S  and R  are systematic and random uncertainty respectively.  
Using the method described above, total uncertainty calculation (a sample) of 
Nusselt number and friction factor for conventional straight fin heat sink at 
various Reynolds number are listed in Table A and Table B.  
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Averaged (%) δNuave-S δNuave-R δNuave-T 
48.07 3.77 15.15 0.57 0.29 0.64 
73.99 4.68 15.15 0.71 0.02 0.71 
99.91 5.30 15.15 0.80 0.27 0.85 
125.53 6.04 15.15 0.92 0.13 0.92 
151.70 6.90 15.15 1.05 0.20 1.06 
177.07 6.56 15.15 0.99 0.25 1.03 
203.29 6.98 15.15 1.06 0.43 1.14 
228.71 6.60 15.15 1.00 0.76 1.25 
253.95 7.86 15.15 1.19 0.28 1.22 
280.11 8.63 15.15 1.31 0.31 1.34 
304.79 8.05 15.15 1.22 0.19 1.23 
330.37 8.67 15.15 1.31 0.25 1.34 
356.42 8.58 15.15 1.30 0.50 1.39 
382.10 8.70 15.15 1.32 0.11 1.32 
408.42 8.56 15.15 1.30 0.25 1.32 
434.18 8.91 15.15 1.35 0.08 1.35 
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Averaged (%) δfave-S δfave-R δfave-T 
48.07 8.20 22.38 1.83 0.93 2.06 
73.99 4.93 16.80 0.83 0.52 0.98 
99.91 3.31 11.22 0.37 0.19 0.42 
125.53 2.61 9.37 0.24 0.04 0.25 
151.70 1.91 7.51 0.14 0.03 0.15 
177.07 1.49 6.59 0.10 0.05 0.11 
203.29 1.22 5.67 0.07 0.05 0.08 
228.71 1.10 5.12 0.06 0.03 0.06 
253.95 0.91 4.57 0.04 0.04 0.06 
280.11 0.81 4.21 0.03 0.05 0.06 
304.79 0.70 3.84 0.03 0.04 0.04 
330.37 0.62 3.59 0.02 0.04 0.04 
356.42 0.53 3.33 0.02 0.03 0.04 
382.10 0.45 3.14 0.01 0.02 0.02 
408.42 0.42 2.95 0.01 0.03 0.03 
434.18 0.39 2.80 0.01 0.03 0.03 
460.47 0.37 2.66 0.01 0.02 0.03 
 
